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Validation of product concepts to fulfill user needs is of great importance to develop 
a successful product in a market. To develop a valid concept, users could be involved 
at conceptual design to give feedback on the produced design solutions. Digital 
prototyping and quantitative feedback have received a great attention for concept 
validation to render design solutions and collect user feedback on the solutions 
respectively. In general, users have been involved at late conceptual design; (1) when 
designers are dealing with development of a product concept from a few design 
solutions (e.g. after concept screening), and (2) when refining technical specification 
values of the developed product concept. Involving users at early conceptual design 
can help to generate a space of design solutions complying better with the user needs, 
and select the best solutions from the space for development of a better product 
concept. However, such early involvement of users is considerably lacking in the 
existing literature. One of the major issues relating to involving users at early 
conceptual design is user fatigue when users give quantitative feedback on a typically 
big design space. To prevent fatigue, it is required to reduce the number of solutions 
represented to users. This reduction could cause difficulty in identifying the best 
target specifications and design solutions. The other issue is that users can also 
encounter fatigue when reviewing design solutions through interactions with digital 
prototypes. The fatigue negatively affects users’ feedback. 
The objective of this thesis was to develop a framework for concept validation by 
using digital prototyping and quantitative feedback. The framework aimed to identify 
the best product concept by using user feedback on specification values and design 
solutions at early conceptual design. The framework involves users at two stages (1) 
before concept generation to identify the best target specifications from product 
design specification so as to produce better design solutions, and (2) at concept 
selection to identify the best solutions to develop a product concept complying better 
with user needs. For these two stages, two methodologies, namely specification 
solicitation and concept selection, were devised to deal with the large number of 
specification values and the big space of design solutions respectively. The 
methodologies utilized adaptive sampling and statistical hypothesis test. Adaptive 
sampling prevents user fatigue when giving feedback by effectively reducing the 
number of samples of specification values and solutions. The hypothesis test 
considers the variance of user feedback on the reduced samples as well as the mean, 
ii 
 
to resolve the difficulty in identifying the best target specifications and solutions. 
Specification solicitation has not been done on large number of specifications. We 
showed that our methodology for specification solicitation could identify the targets 
for a large number of specifications, while the existing methods have not gone 
beyond two specifications because of user fatigue. The methodology for concept 
selection is based on a novel approach that allows users to produce a design solution 
within the boundary of the space of design solutions. It was shown that the 
methodology outperformed a recently revealed interactive evolutionary method in 
terms of identifying the best solutions and preventing user fatigue. To implement the 
methodologies, a tool was created. The tool communicates digital prototypes to users 
in a new interactive way in order to help users estimate the values of specifications 
correctly and quickly. A novel method was developed to build hand-prototype natural 
interactions in virtual environment. We showed that fatigue could be effectively 
reduced. Besides, users could understand design solutions correctly and quickly so as 
to collect helpful feedback. Overall, conclusive evidence was provided that the 
concept validation (based on the developed framework, methodologies, and tools) can 
deal with a large number of specifications and solutions, and yields the product 
concepts that effectively fulfill user needs. To validate the proposed framework and 
methodologies, hand-held electronic consumer products, such as smartphones were 
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 Introduction Chapter 1
1.1 Background 
Early phase (or concept development phase [1]) of product design and development 
maps user needs into a product concept. This phase typically contains several 
interrelated processes that can be ordered as user need identification, setting target 
specifications, and conceptual design. Need identification gathers users’ needs of the 
product (i.e. voice-of-customer) that are generally subjective, vague, ambiguous, and 
incomplete [2]. Setting target specification translates users’ need statements into 
technical specifications1 spelling out in precise, measurable detail what the product 
has to do. Conceptual design maps the technical specifications to product concepts 
approximately describing the appearance and function of the product. In conceptual 
design, designers decompose the product into features, produce design solutions for 
each feature, synthesize the solutions to generate a number of product concepts, and 
select a product concept (or a few ones) for further development [3]. Then, the final 
specifications of the selected product concept are established. 
Validation of the product concept and its technical specification values to fulfill user 
needs is of great importance to develop a successful product in the market [4-7]. The 
validation determines the degree to which a design solution and its specification 
values fulfill the user needs [8]. One factor that affects the validation is the level of 
designers’ understanding of the user needs [9, 10]. The understanding is surrounded 
with uncertainty caused by the users’ need statements [11-13]. The statements are 
generally subjective, vague, ambiguous, and incomplete since the users may not 
know or may not be able to describe what they want exactly [14, 15]. It is important 
that the user needs are clarified to reduce the uncertainty so as to precisely determine 
the degree of fulfilling user needs for the validation. User feedback on design 
solutions and the specification values helps to provide information concerning 
clarification of the user needs [16, 17] because the feedback reflects the needs [18, 
19]. Therefore, user feedback plays critical roles in the validation. In this thesis, the 
degree to which a design solution or a specification value fulfills the user needs is 
called its quality. 
                                                     
1 Some literature uses the terms ‘product specifications’, ‘product requirements’, ‘product 
characteristics’, or ‘engineering characteristics’. 




Digital prototyping and quantitative feedback has motivated researchers to involve 
users at different stages of conceptual design, e.g. concept scoring and setting final 
specifications, so as to perform the validation [19, 20]. Digital prototypes (DPs), as a 
form of communication media, render the technical specification values (e.g. color 
and size) and parameters of the design solutions (e.g. parameters defined for the 
form). DP effectively helps users understand the solutions and estimate the 
specification values [21-24]. It is effective because users can sense the solutions 
through vision, and vision in cooperation with their memory helps them understand 
the solutions [25]. In addition, DPs offer a degree of flexibility to render the changes 
in the specification values and the parameters of the design solutions. Therefore, 
users can understand several solutions correctly and quickly. This results in useful 
user feedback for determining the quality of the solutions [26, 27]. Moreover, DPs are 
typically low cost, and they are produced in a short period of time [28, 29]. 
Quantitative feedback is the answer to which, how many, or how often questions. It is 
easy-to-collect and easy-to-interpret. Besides, mathematical tools can be employed to 
analyze the feedback to determine the quality. Therefore, in this thesis, we adopt 
digital prototyping and quantitative feedback for the validation. 
Designers have involved users in the validation process to collect the user feedback 
on the design solutions so as to determine the quality of the solutions [11, 30]. In 
general, users have been involved at late conceptual design; (1) when the designers 
are dealing with development of the best product concept from a few design solutions 
(e.g. after concept screening) [31, 32], and (2) when refining technical specification 
values of the developed product concept to better fulfill user needs [33]. The product 
concept and its specification values are chosen from the space of design solutions 
developed at concept generation. The input and output of concept generation are 
validated without involving users and based on the designers’ understanding 
surrounded with the uncertainty [11]. User feedback at early conceptual design helps 
to (1) identify the best technical specifications to develop the space of better design 
solutions and (2) select the best solutions from the space to develop a better product 
concept. However, involving users at early conceptual design is considerably lacking 
in the existing literature.  
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User involvement at early conceptual design raises two major issues. One of the 
issues is user fatigue when users give quantitative feedback (1) on the large number 
of technical specifications before concept generation and (2) on the big space of 
generated design solutions [34]. User fatigue can stop user involvement, and even if 
users continue, it can affect the user’s feedback [18]. To prevent fatigue, it is required 
to reduce the number of specifications and solutions represented to users [35]. This 
reduction could cause difficulty in identifying the best targets from the product design 
specification and the best solutions from the space of design solutions. Thus, we need 
to choose a number of specification values and solutions to achieve a balance 
between reducing the difficulty and preventing user fatigue. The other issue relates to 
analysis of the quantitative feedback. In previous studies, the mean of the users’ 
quantitative feedback was chosen as the degree to which a specification value or a 
design solution fulfills the needs [36]. However, uncertainty on the mean has not been 
taken into account [35]. Therefore, there is a need to devise a methodology for each 
user involvement stage (i.e. before concept generation and at concept selection) to 
determine the best targets and solutions while preventing the fatigue and considering 
the uncertainty on the mean of quantitative feedback.  
In early conceptual design, users also encounter fatigue when they review design 
solutions and specification values through interactions with DPs. The fatigue is 
encountered especially when users face difficulty in understanding design solutions 
and estimating specification values. One factor that causes this difficulty is the 
dissimilarity of user-DP interactions from the natural interactions (e.g. grasping and 
manipulation of physical objects) [37, 38]. Reducing the dissimilarity is essential to 
ease the understanding and estimating processes for users so as to prevent fatigue [2]. 
In this regard, hand-DP interactions, especially grasping and manipulating DPs in 3D 
space, play critical roles in easing the processes [39]. In design review process, to 
build natural hand-DP interactions, vision-based tools have come into interests 
because they are low cost, user-friendly, and nonintrusive [40]. Additionally, these 
tools obviate the need for wearing the devices that often inhibit the hand motions and 
distract users [41]. However, the existing vision-based tools are far from 
implementing real-time grasping and manipulation in virtual environment. Hence, to 
prevent fatigue in design review process, there is a need to create a tool for real-time 
virtual grasping and manipulation.  




The objective of this thesis is to develop a framework for concept validation by using 
digital prototyping and quantitative feedback. The framework aims to identify the 
best product concept by using user feedback on the specification values and design 
solutions at early conceptual design. The framework involves users at early 
conceptual design. It focuses on two critical stages of conceptual design for the 
involvement; before concept generation and at concept selection. The framework 
collects user feedback on the values of the technical specifications before concept 
generation to identify the best target values from product design specification. The 
framework identifies the best solutions from the space of generated design solutions 
by using user feedback at concept selection. 
For the two stages in the framework, two methodologies, namely specification 
solicitation and concept selection, is devised to deal with the large number of 
specification values and the big space of design solutions respectively. Specification 
solicitation has not been done on large number of specifications. Concept selection is 
based on a novel approach that allows users to produce a design solution within the 
boundary of the space of design solutions. The methodologies should prevent user 
fatigue when giving feedback by effectively reducing the number of specification 
values and solutions. To do this, adaptive sampling method is used. Besides, the 
methodologies should reduce the uncertainty on the mean of user quantitative 
feedback to identify the best target specifications and solutions. To reduce the 
uncertainty, the variance of the feedback is considered by utilizing statistical 
hypothesis test. 
To implement the methodologies, a tool was created. The tool communicates digital 
prototypes to users in a new interactive way in order to help users estimate the values 
of specifications and design solutions correctly and quickly. A novel method is 
developed to build real-time virtual grasping and manipulation of DPs in 3D space. 
The tool should help users understand design solutions and estimate specification 
values easily to prevent user fatigue. 
The proposed work of this thesis may have significant impacts for development of a 
quality product concept at conceptual design. The framework may identify the higher 
quality product concept by using user feedback on the specification values and design 
solutions. Before concept generation, the framework can deal with a large number of 
specifications to identify the best targets from the product design specification. At 
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concept selection, the framework may resolve the difficulty in identification of best 
solutions from the big space of design solutions. As another important significance, 
the framework can prevent user fatigue by using the developed methodologies and 
tools. Besides, the framework may better determine the quality of the specification 
values and design solutions by considering the variance and mean of the user 
feedback. 
Hand-held electronic consumer products, such as smartphones, are considered for the 
case studies to validate the proposed framework and methodologies. This thesis 
focuses on form, size, weight, and talk-time of the smartphones. The form, size, and 
weight of smartphones affect the ergonomic aspects and usability because 
smartphones are hand-held [42, 43]. They also influence the cognitive aspects of user 
experience of smartphones. For example, the ratio between the width and height is the 
factor that can elicit the aesthetic aspects of the product experience [44, 45]. In 
addition, the depth and weight are the other factors that can elicit the experience of 
meaning such as luxury and professional [46]. The size and weight also affect the 
battery capacity and some other technical aspects of smartphone design such as the 
screen size [47]. Talk-time is the other technical specification that influences users’ 
purchasing decisions. In the last few years, it has been observed that users are 
carrying power banks, which are bulky, to have extra battery-life [48]. Therefore, 
identification of the best form, size, weight, and talk-time can be a key task to 
increase the chance of success of a smartphone in the market. In this thesis, the form 
and size are communicated to users using digital prototyping. Weight and talk-time 
are communicated through interviews. A possible complementary alternative for 
communication of weight is the use of haptic devices to render a vertical downward 
force equal to the weight. In this case, users experience the weight of a design and 
estimate the weight more correctly. Feeling of the weight helps users consider the 
weight more effectively when interacting with a design solution. This leads to 
collection of more helpful feedback from users. 
1.4 Organization 
A comprehensive literature review for the validation through digital prototyping and 
quantitative feedback is given in Chapter 2. Chapter 3 introduces the framework for 
concept validation. The term ‘concept validation’ is defined. Three critical steps for 
performing the validation process are identified. The steps are the representation and 
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communication of the design solutions and specifications to users, the collection and 
analysis of the user feedback on the represented solutions and specification values, 
and determining the quality of the solutions and values for the validation. Three 
critical validation tasks at conceptual design are identified and explained. Each task 
specifies when, why, and how the validation is undergone. The rest of the content of 
this thesis can be categorized into three parts. The first part, Chapter 4 and Chapter 5, 
discusses the validation steps. Chapter 4 proposes a methodology to build an effective 
design concept communication to users by using DPs. Chapter 5 describes the 
collection of user feedback and introduces a method to determine the quality by 
considering the mean and variance of the users’ quantitative feedback. The second 
part, Chapter 6 and Chapter 7, introduces the methodologies for implementation of 
the validation tasks. The third part, Chapter 8 and Chapter 9, proposes the developed 
tool. Chapter 10 concludes the thesis, identifies the limitations of the work, and offers 




 Literature review Chapter 2
Digital prototyping and quantitative feedback has motivated researchers to involve 
users at different stages of conceptual design, including concept selection and setting 
final specifications, so as to perform the validation. For example, Artacho et al. [33] 
adopted digital prototyping to render the forms of a loudspeaker at setting final 
specifications, and collected user feedback by using scoring. They showed that the 
user interactions with many forms lead to helpful feedback for identification of a 
higher quality form. Such studies can also be helpful in the early conceptual design. 
However, they are significantly limited in the existing literature [11].  
This chapter reviews the studies used digital prototyping and quantitative feedback to 
involve users in the validation at conceptual design. It is categorized based on the 
steps of the validation process. The first step is to communicate design solutions to 
users. In this step, the level of the user understanding of the solutions through 
interaction with the DPs and the representation of the solutions to users are two major 
issues. The studies on resolving the former issue are reviewed in Section 2.1. The 
latter issue is critical because the number of the solutions is typically large and a user 
may not be able to give feedback on all of them [36]. IEC and sampling are two 
frequently employed approaches to the representation. They are comprehensively 
reviewed in Section 2.2. The second step of the validation process is to collect the 
users’ quantitative feedback. Several types of quantitative feedback (e.g. pairwise 
comparison, ranking, and scoring) and their pros and cons are reviewed in Section 
2.3. The third step is to determine the quality of the solutions by using the user 
quantitative feedback. Section 2.4 reviews the methods of determining the quality. In 
Section 2.5, we review the physical characteristics rendered to communicate the 
design solutions to users by using digital prototyping. 
2.1 Communication of design solutions to users by using 
digital prototypes 
DPs have been utilized to visualize a realistic 3D conceptual embodiment of design 
solutions by rendering some of the important physical characteristics (e.g. size, color, 
and texture) [5, 49]. One aspect of user understanding of the design solutions depends 
on how well users can estimate the values of the characteristics through interactions 
with DPs. The trend towards enhancing the user estimates suggests improving the 
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ability of DPs to render the characteristics [8, 50]. For this end, two criteria, fidelity 
[51] and flexibility [52], were developed to assess the ability of DPs.  
The fidelity refers to the degree to which the rendered physical characteristics are 
realistic [53]. Virzi et al. [51] and Sauer et al. [53] proposed four dimensions to 
evaluate fidelity in terms of appearance and function. The dimensions (breadth of 
functions, depth of functions, physical similarity, and similarity of interaction) 
specify the degree to which a prototype of a physical object looks and works like that 
object. Fontana et al. [54] developed a high-fidelity DP of fabrics for representation 
of apparels so as to enhance user estimates of the appearance and softness of apparel 
designs. Gyi et al. [55] and Soderman [56] empirically studied the effects of the level 
of fidelity, and showed that high-fidelity DP can lead to better user estimates.  
The flexibility is the degree to which a prototype can be changed in order to render 
different values of the physical characteristics [27]. For the validation, various studies 
[57, 58] have suggested increasing the level of flexibility of DPs to render more 
values of the characteristics [52, 56, 59]. Barbieri et al. [60] developed a flexible DP 
to represent possible changes in the interface of a washing machine (e.g. the position 
of the buttons and knobs) so as to enhance user estimates of the possible 
configurations of the interface. Zhang et al. [27] and Ford and Sobek [26] 
demonstrated that flexible prototypes can help designers to predict user perception 
better and quicker through exploring and evaluating more values of the physical 
characteristics. 
According to the abovementioned benefits of the high fidelity and flexible DPs, a 
great deal of studies has adopted them for the communication of physical 
characteristics of the design solutions. Ren and Papalambros [18] and Poirson et al. 
[20] represented the appearance of a car and a wine glass respectively, and rendered 
their 3D geometrical form on a solid white background. Kim and Lee [61] developed 
a comprehensive digital model for the color to represent the appearance of digital 
hand-held products with different colors. They put each design on three different 
backgrounds, which were scenes of urban, and showed that user estimates of the color 
can be different for different backgrounds. As such, it may be concluded that the 
background can affect user estimates of color. Orzechowski et al. [62], through a 
study on the non-interactive communications of physical characteristics, found that 
the interactivity have no significant effect on user estimates of the values of the 
characteristics. Tovares et al. [19] also studied the effects of interactive and non-
interactive communications. They asked users to estimate the geometrical form of a 
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represented mug. They also brought the form to users by using a DP in two different 
ways: non-interactive way and interactive way in which the users could explore the 
form (e.g. the diameter of the outer edge of the mug) in virtual environment by 
manipulating the DP through gesture-based commands. They compared the results of 
the studies with the DP and the real mug by using statistical hypothesis tests, and 
demonstrated that the interactive way of using a DP is superior to the non-interactive 
one. Artacho et al. [37] conducted similar study with a DP of a loudspeaker. They 
also found that interactive ways outperform the non-interactive ones. Consequently, 
apart from the ability of DPs, the way of using them is one of the factors affecting 
user estimates.  
Overall, there is a need to study ‘how to use a DP to help users estimate the values of 
the physical characteristics?’ [46]. However, little attention has been given to the 
research into addressing the question. In our effort to address the question, we 
propose a methodology for evaluating the effectiveness of communication of physical 
characteristics by using DPs in Chapter 4. The effectiveness can be used to evaluate 
and compare the different ways of using a DP in order to select the effective 
combination of the background and input/output devices for the communication. 
2.2 Representation of design solutions to users 
Representing all the design solutions to users may be difficult because of user fatigue 
when collecting their feedback [36]. Poirson et al. [20] parameterized the form of a 
car dashboard by seven parameters with three values, and this resulted in 37=2187 
solutions. As is clear, users can encounter fatigue when giving feedback on 2187 
solutions. Two approaches have been proposed to represent the produced solutions to 
users; interactive evolutionary computation (IEC) [63, 64] and sampling [35].  
IEC introduces a user in a loop to identify a high quality design solution for him/her 
[18]. In a loop, a number of solutions are chosen based on the user’s feedback on the 
solutions in the previous loops. IEC, after several loops, may converge to a fitness 
function approximating the quality of the solutions [65, 66]. Poirson et al. [20], using 
IEC, searched 2187 solutions of the car dashboard for the French carmaker Renault to 
identify a quality dashboard. At the end, the algorithm converged towards a 
dashboard with better typology. IEC can identify a fitness function for a user at a 
time. After identifying the fitness function for all the users, it aggregates them to 
define a function estimating the quality of the design solutions. IEC typically requires 
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users to give feedback on a large number of solutions, which can cause user fatigue 
affecting the convergence of the fitness function [18, 34]. Another issue affecting the 
convergence is that the user feedback are typically intransitive (e.g. a user prefers 
solution s1 to s2, s2 to s3, and s3 to s1, i.e. s1>s2>s3>s1) and inconsistent (e.g. a user 
strongly prefers s1 to s2 and s2 to s3, but he/she slightly prefers s1 to s3) [30]. Such 
properties of the user feedback introduce noise to the identification of the fitness 
function [35]. Overall, IEC suffers from several issues relating to the convergence of 
the fitness function. 
In the sampling approach, the space of design solutions is sampled and the samples 
are represented to users. Kelly et al. [36] parameterized the solutions for the shape of 
a cola bottle to two parameters. They sampled 25 solutions (five values for each 
parameter) to collect user feedback. However, the number of samples grows 
exponentially by increasing the number of the parameters, which causes user fatigue. 
Besides, taking account of more than two parameters and the relationship between 
their values can cause user fatigue. Some studies adopted existing products as the 
samples. Kulok et al. [31] adopted 18 drills to elicit user preference for the drills with 
respect to three parameters; number of operations, price, and weight. Hsu et al. [15] 
used 24 available telephones to identify a quality telephone. Although these studies 
could deal with more than two parameters, the existing products may not be 
representative of the space of design solutions. 
This thesis chooses sampling rather than IEC because more users give feedback on a 
solution. The total number of the samples is critical. Considering the typically large 
number of design solutions at early conceptual design, we need to grow the samples 
in number to be representative of the space of design solutions. From the other side, 
we need to reduce the number to prevent user fatigue when collecting user feedback. 
Therefore, there is a need to study how to sample the design solutions to collect 
useful user feedback for determining the quality of the solutions. To address this 
question, we aim to take the approach of adaptive sampling. A methodology was 
developed for the representation in each user involvement stage defined by the 
framework (Chapter 6 and Chapter 7).  
2.3 Collection of user feedback on design solutions 
Stewart [67] and Lim [68] discussed theoretical and empirical limitations of several 
types of feedback (e.g. pairwise comparison and ranking). Pairwise comparison 
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compares design solutions in a tournament. At each time, two solutions are compared 
with each other. The tournament continues until a winning solution is identified. 
Pairwise comparison can be easily administrated [30]. It has been widely used in the 
analytic hierarchy process to find relative importance of technical specifications [69] 
and to select a solution from the space of design solutions [70, 71]. However, 
pairwise comparison can cause the intransitive and inconsistent user feedback [30]. In 
contrast, ranking is slightly more elaborate [72, 73]. In ranking, each user ranks 
design solutions on an ordinal scale. However, when the number of solutions 
increases, ranking becomes difficult to adopt. In this case, users require taking 
account of several solutions at a time to sort them, and this can cause fatigue [67]. 
Scoring has also been used for collecting user feedback [15, 74]. Scores can be 
defined on the cardinal scales. The cardinal scores demonstrate the extent to which 
the qualities of the solutions are different. This can make decision-making easier at 
concept selection. To illustrate, we consider two solutions s1 and s2 with qualities of 
q and 0.9q and development costs of c and 0.5c respectively. Design group can 
choose one of the solutions by determining whether 10% higher quality is worth 50% 
higher costs. In contrast, the scores on the ordinal scales only show that the quality of 
s1 is higher than s2. Thus, they may not be as helpful as cardinal scores for the 
decision-makings. This thesis employs scoring on cardinal scales to collect user 
feedback. In previous studies, users assign a score to a solution at each time [19, 75]. 
This may cause intransitive or inconsistent feedback when the number of the 
solutions is large [30]. Two methodologies are proposed to represent the large 
number of specification values and design solutions to users before collection of 
feedback to prevent the intransitive and inconsistent feedback (Chapter 6 and Chapter 
7). 
2.4 Analysis of user feedback for concept validation 
A represented solution is given numerical values (quantitative feedback) by a number 
of users. The values are bounded to a range. An important step is to allocate a value 
from the range to the solution as its quality. The arithmetic mean referring to the 
central value of the given values has generally been adopted. However, the mean may 
not list the solutions in order of their quality. To illustrate, the quantitative feedback 
of two solutions (s1 and s2) are shown in Table 2.1. The means show that the quality 
of s2 is higher than s1. We use paired student’s t-test to test the hypothesis ‘the 
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qualities of s2 and s1 are not equal’. The null hypothesis (H0) stands for the equal 
quality. We failed to reject H0, P-value<0.05. Therefore, the issue is that the mean 
value may not reflect the equality/inequality relations between the qualities of the 
solutions. As is shown, the mean can cause fixation with a design solution that may 
not have higher quality than the other solutions. Villa et al. [35] hypothesized that the 
variance of the feedback can be helpful to prevent the fixation. In our attempt to 
tackle the fixation issue, a method based on the statistical hypothesis test is proposed 
to include the variance in the analysis (Chapter 5).  
Table 2.1 An example of user feedback and the conclusion drawn by considering the 
mean and variance of the feedback 
solution 
user feedback1  
mean (SD2) 
 results of the hypothesis test 
u1 u2 u3 u4 u5   df 3 t-stat P-value H0 
s1 5 10 7 6 5  6.6 (1.85)  
4 -0.2325 0.8276 failed to reject s2 4 8 7 9 6  6.8 (1.72)  
 
1 the data is adopted from the results of the case study in Section 5.2. User feedback is 
collected by assigning each solution a score between 1 and 10; where 10 and 1 correspond to 
the highest and lowest quality solutions respectively 
2 standard deviation  
3 degree-of-freedom 
             
             
A mathematical relationship (f) is defined to estimate the quality of all design 
solutions in SDS by using the esitmated quality of the represented solutions so as to 
identify the highest quality solution. Depending on the type of the feedback, methods 
such as conjoint analysis [19, 49], vector field-based methods [30], utility function 
[76], and preference mapping (PREFMAP) [35, 36] have been used to identify f. 
Conjoint analysis is based on the notion that users try to maximize the utility of 
products [77]. Kelly et al. [36] and Tovares et al. [19] applied conjoint analysis to 
identify better geometrical forms of a cola bottle and a mug respectively. Kelly et al. 
[36] collected user feedback by using discrete choice analysis [78], and computed the 
utility of represented solutions by using logit models [79]. To form f, natural cubic 
splines were fitted to that utility. On the other hand, PREFMAP analysis typically 
uses potential existing products as samples of design solutions. Each user assigns 
each sample a numerical value as the feedback. Then, samples are decomposed to a 
space of parameters called ‘stimuli space’ [80]. For example, the feedback on 
potential smartphone products can be related to the size of smartphones. In this case, 
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the stimuli space is width×height×depth; where × denotes the Cartesian product. The 
mean of the assessments are considered as data points of the codomain (i.e. quality). 
PREFMAP typically fits a quadratic model to the means to define f. In both conjoint 
analysis and PREFMAP, fitting a function becomes difficult when the dimension (i.e. 
the number of parameters and the range of their values) of the stimuli space increases 
because the number of unknown coefficients of the function grows. In this case, 
estimation of f becomes very noise-sensitive [81, 82]. In Kelly’s work [36], for the 
simple case of 2 parameters with 5 discrete values, there were 29 unknown 
coefficients. To reduce the sensitivity to noise, collection of user feedback on more 
solutions is effectively helpful [35], which may cause user fatigue. 
Some other studies have utilized the approach of weighted scoring method (WSM) to 
define f [83-85]. WSM decomposes design solutions into several parameters. Each 
parameter is weighted to determine its relative importance in relation to the other 
parameters. The quality of the values of the parameter is determined and multiplied 
by the weight of the parameter. Then, the weighted qualities of a value of all the 
parameters are totaled to give f. Scott and Antonsson [86] recommended a 
modification to WSM, and used the ith root of f to achieve better cardinality in the 
determined quality. Kulok et al. [31] utilized this modified WSM to identify a quality 
drill decomposed into three parameters. The method allocates a weight to a parameter 
by using the weights assigned by users, and designers give scores to the parameter 
values. WSM is simple and may not cause user fatigue because each user is only 
required to determine the level of importance of the parameters. This thesis adopts the 
approach of WSM to determine the quality because of its capability to reducing user 
fatigue. As a major limitation, WSM takes no correlation between the values of 
parameters into account. It assumes that the values are independent, which is not 
always true [87]. To address this limitation, we modify WSM to incorporate the 
correlations (Chapter 6). 
2.5 Product characteristics rendered by using digital 
prototyping for concept validation 
Several physical characteristics have been rendered by using digital prototyping 
(Figure 2.1). Some examples are form and size of loudspeaker [33], car dashboard 
[20], mug [19], and coffee maker [75]; form and color of digital hand-held devices 
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[61] and electric door lock [88]; form and texture [89]; form, size, color, and material 
of eyeglasses [90]; and form, size, color, material, and texture of apparels [54].  
 
Figure  2.1 The physical characteristics and their corresponding input/output devices 
adopted for user-DP interactions 
DPs have been projected in virtual/augmented environments. Users can interact with 
DPs by using variety of input/output devices. Virtual reality (VR) offers interactive 
and immersive virtual environment for creation, modification, manipulation (i.e. 
translation or rotation), and communication of design solutions. Augmented reality 
(AR, or mixed reality in some literature) mixes real and virtual objects and 
environments. In concept validation, virtual objects are augmented in real 
environment or virtual scenes are projected on real objects and in some cases, on 
physical prototypes [91]. VR and AR provide users with realistic rendering and stereo 
views to immerse them in the environment [29]. Huang et al. [90] developed a system 
augmenting DP of eyeglasses on the a user’s face in a live environment. The user 
could change the form, color, and material of the frame. Kim and Lee [61] developed 
a comprehensive model for rendering color and coating materials in virtual 
environment. Haptic devices have been playing the role of input devices to receive 
users’ commands and output devices to exert force on the hand. Bordegoni et al. [92] 
and Gironimo et al. [24] employed a haptic device for designing car dashboards. 
Projection of virtual environment to the users’ eyes has been done through 2D screens 
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(e,g. PowerWall in [93]), head-mounted devices (HMD) [94, 95] such as stereoscopic 
devices [96] and lit eyes [97], and so on. Various 3D input devices such as mouse 
[94], pens [98], position sensors [99], data gloves [100-102] and several gesture-
based systems [38, 97] have been offered. 
Among the characteristics, form and size have received great attention [2]. HMD and 
data glove have been adopted to help users estimate the form and size. HMD 
illustrates DPs in the real perspective view and with the real size, and data gloves can 
build natural hand-object interactions. However, such intrusive devices are generally 
not user-friendly [39-41], and they are costly [103]. In comparison, vision-based 
methods for user-DP interactions can be better alternative because the users may not 
have to wear a device and the hardware requirement is typically low [104]. Besides, 
the users can be involved in the validation remotely. Thus, more users can be 
involved in the validation, since they can participate at the time and place of their 
convenient. Among the vision-based methods, gesture-based methods have become 
popular [38, 39]. However, users are required to remember the gestures. Forgetting a 
gesture for a command can distract the users from immersion in the environment, 
affecting user feedback. To render the form and size, building natural hand-object 
interactions in the virtual environments can be helpful because the users can interact 
with DPs in the way they interact with physical objects [39]. However, the existing 
literature considerably lacks a vision-based method for real-time natural interactions. 
We aim to develop a vision-based method for real-time virtual grasping and 
manipulation of DPs (Chapter 8 and Chapter 9). 
2.6 Summary 
Several studies on involving users at conceptual design by using digital prototyping 
and quantitative feedback were reviewed. We raised several issues relating to the 
design concept communication using DPs, the representation of design solutions to 
users, and the collection and analysis of user feedback. We also briefly outlined our 
approach to tackle the issues.  
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 A framework for concept validation Chapter 3
A framework is proposed for concept validation by using digital prototyping and 
quantitative feedback. The term ‘concept validation’ is defined, and the process of the 
validation is explained. The generic functionality of the validation is proposed. The 
size of the front face of smartphones is considered for a case study to show the 
capabilities of the framework to identify the highest quality specification values and 
design solutions.  
3.1 Concept validation: what it means 
Validation can be generally defined as quality assurance process [5, 8]. Several 
standard bodies have defined the term ‘validation’ (Table 3.1). Referring to Table 3.1, 
the validation is a process to confirm that the requirements of intended uses of a 
product are fulfilled through provision of objective evidence. The definitions assume 
that the requirements can be correctly and completely known, as emphasized by 
JCGM and SAE. Otherwise, the confirmation would be arguable [105-107].  
Table 3.1 The definitions of the term ‘validation’ offered by the international and 
national standard bodies 
standard body definition 
ISO1 9000  
confirmation, through the provision of objective evidence, that 
the requirements for a specific intended use or application have 
been fulfilled [108]. 
IEEE2  
the process of evaluating a system or component during or at 
the end of the development process to determine whether it 
satisfies specified requirements [109]. 
JCGM3 where the specified requirements are adequate for an intended use [110]. 
GHTF4 objective evidence that a process consistently produces a result or product meeting its predetermined requirements [111]. 
SAE5 
validation of requirements and specific assumptions is the 
process of ensuring that the specified requirements are 
sufficiently correct and complete so that the product will meet 
applicable airworthiness requirements [112]. 
 
1 International Organization for Standardization 
2 Institute of Electrical and Electronics Engineers 
3 Joint Committee for Guides in Metrology 
 
 
4 Global Harmonization Task Force 
5 Society of Automotive Engineers 
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In conceptual design, identification of requirements of the user needs is difficult 
because the available information about the needs is limited and surrounded by 
uncertainty. Such identification typically requires lengthy and considerable 
discussions between designers. Several researchers have collected user feedback on 
design solutions to provide evidence for the validation [16, 20, 33]. User feedback 
has been potentially helpful in developing a product concept complying with user 
needs [9, 10, 14, 17]. Therefore, we define ‘concept validation’ as ‘the process to 
ensure whether a product concept complies with user needs, through provision of 
objective evidence from user feedback’.  
The process of concept validation comprises three steps; two steps for provision of 
objective evidence and one step for determining the quality [2, 8]. To provide the 
evidence, the design solutions are represented to users, and then, their feedback on 
the solutions are collected and analyzed. The analyzed feedback is used to determine 
the quality of the solutions. 
3.2 Conceptual design 
Conceptual design translates specification values into a product concept in ‘concept 
generation and selection’ stages (Figure 3.1). It refines the specification values of the 
developed product concept at setting final specifications. 
 
Figure  3.1 The stages at conceptual design and their inputs and outputs 
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At the first stage, the technical specification values are translated into a product 
concept represented by the forms and functions [3, 8]. During this stage, the design 
group deals with the specification values and the correlations between them to 
generate design solutions to meet user needs. Then, the group selects the highest 
quality design solutions. This is a critical stage because the design group needs to (1) 
choose the highest quality specification values for generating the solutions, (2) 
generate the highest quality solutions, and (3) select the highest quality ones in order 
to develop a more successful product concept. At setting final specifications, the 
specification values of the developed product concept are refined so as to improve its 
quality. 
3.3 Concept validation: when and why? 
The input to conceptual design is product design specification (PDS). PDS specifies 
the boundary of the technical specification values of a product [8, 113, 114]. Each 
specification is represented by a metric and numerical values. For example, for the 
specification ‘talk-time is more than 10 h’, ‘talk-time’ is the metric and ‘more than 10 
h’ is the value defined on an interval. Target specification is the value that design 
group hopes to achieve, e.g. 15 h. Uncertainty surrounds the intervals and targets 
because of the subjective, vague, ambiguous, incomplete, and conflicting users’ need 
statements. To reduce the uncertainty, concept validation contributes to discover a 
relationship between the quality of a product and its specification values (i.e. the 
values defined by the PDS) before starting concept generation. This is the first task of 
concept validation, and it is called ‘specification solicitation’. Specification 
solicitation aims to identify the highest quality specification values and send them to 
concept generation so that higher quality design solutions can be produced. 
Concept selection looks for the highest quality design solutions among the generated 
ones. The set of all the generated solutions is called space of design solutions (SDS) 
[115, 116]. Concept selection aims to identify the highest quality product concept 
from SDS. It plays critical roles in the success of a product because the selected 
concept defines the core of the product, including the form, function, and work flow 
[1, 74]. Concept validation contributes to explore SDS to identify the highest quality 
product concept. For this end, it decomposes SDS to a number of parameters and 
their values, and collects user feedback on the parameter values. This is the second 
task of concept validation, and it is called ‘concept selection’. 
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3.4 Concept validation: how? 
A framework is developed for concept validation to generate a good design concept 
from PDS at conceptual design of hand-held electronic consumer products (Figure 
3.2). The framework involves users at conceptual design to use user feedback for 
concept validation. The framework utilizes digital prototyping to communicate design 
solutions to user, and quantitative feedback to collect user feedback about design 
solutions. Concept validation under the framework focuses on two tasks at conceptual 
design to map PDS to a good design concept, namely specification solicitation and 
concept selection. Specification solicitation takes PDS as the input and identifies the 
best target values for the product specifications from PDS. At concept generation, the 
framework draws designers’ attention to translation of the best target values into 
design solutions. This leads to generation of a better SDS. Concept selection takes 
SDS as input and identifies the best design solutions from SDS for the product 
concept. To support the validation process, the framework focuses on two steps of the  
 
Figure  3.2 The framework for concept validation 
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validation, i.e. concept communication to users, and collection and analysis of user 
feedback. A method is devised to build an effective communication using DPs to help 
users understand design solutions through interactions with DPs. A process is 
developed to collect and analyze user feedback in order to reduce design fixation. The 
framework utilizes the method and process at both tasks 1 and 2 to support the 
validation. Two tools, based on digital prototyping and quantitative feedback, are 
developed to implement specification solicitation (task 1) and concept selection (task 
2). 
According to the framework (Figure 3.2), this thesis is categorized into three parts. In 
the first part, we devise a method to support the concept validation at design 
communication stage ( Chapter 4), and develop a process at collection and analysis of 
user feedback ( Chapter 5). In the second part, we introduce our methodologies, i.e. 
specification solicitation ( Chapter 6) and concept selection ( Chapter 7), to do tasks 1 
and 2, respectively. The third part explains the development of the tools for 
implementing specification solicitation and concept selection in Chapter 8 and 
Chapter 9 respectively. The generic functionality of each part is described in the 
following. 
The first part (Chapter 4 and Chapter 5). This part is to support the concept 
validation process to enhance the communication of design solutions to users by 
using digital prototypes, and collection and analysis of user feedback. In the 
validation process, at design communication, specification values and design 
solutions of hand-held electronic consumer products are communicated to users by 
rendering physical characteristics associated with the specifications and solutions. It 
is important that users be able to estimate the values of physical characteristics to 
make a good estimate of specification values and a good understanding of design 
solutions. Apart from the level of fidelity of a digital prototype, the way that the 
prototype is communicated to users is influential to users’ estimates of the values of 
physical characteristics (for more details, please see Section  2.1). Users’ good 
estimate of the values helps users estimate specification values better and understand 
design solutions better. This leads to collection of more helpful user feedback for 
concept validation because user feedback will be based on good estimates and 
understanding. Therefore, we develop a method to identify an effective way for using 
a prototype in a communication so that users can estimate the values of physical 
characteristics more correctly and quickly. This method is introduced in  Chapter 4. 
Our framework utilizes the method ( Chapter 4) to use a DP in a better way so that 
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users can estimate values of physical characteristics of hand-held electronic consumer 
products better. After making the good estimates in  Chapter 4, we collect and analyze 
user feedback in Chapter 5. 
In the validation process, after the communication, user feedback is collected and 
analyzed. In Section  2.3, we explained that scoring as a type of quantitative feedback 
is adopted for collection of user feedback in this thesis. In Section  2.4, it was shown 
that we might encounter design fixation when we take account of the mean values of 
user feedback to estimate the quality of specification values and design solutions. We 
developed a process to analyze the scores given by users in order to reduce the 
fixation in  Chapter 5. The process estimates the quality by considering the variance of 
scores as well as the mean values of the scores. The process compares the scores of 
specification values and design solutions, and looks for statistical evidence to 
estimate their quality. Our framework utilizes this process to analyze user feedback to 
estimate the quality of specification values and design solutions. 
 Chapter 4 and  Chapter 5 present our contributions to enhancement of the process of 
concept validation taking account of user feedback. These chapters describe how the 
framework builds an effective design communication with users, and how it analyzes 
user feedback to estimate the quality better. 
The second part (Chapter 6 and Chapter 7). This part helps to produce a good 
design concept by involving users in the two tasks of concept validation. As 
described in Section  1.3, we involve users at two stages in conceptual design; before 
concept generation to identify the best target values for product specifications from 
PDS, and at concept selection to identify the best design solutions from SDS. In 
Section  2.2, we explained the issue ‘user fatigue’ that is encountered when PDS or 
SDS is large. Representation of a large PDS or SDS to users and collection of user 
feedback on a large number of specification values and design solutions can cause 
user fatigue. To reduce user fatigue, we devised two methodologies; one for PDS to 
involve users before concept generation (namely specification solicitation,  Chapter 
6), and the other for SDS to involves users at concept selection (namely concept 
selection,  Chapter 7). These two methodologies were devised to implement our 
framework for concept validation using digital prototyping and quantitative feedback.  
Task 1: specification solicitation. PDS consists of metrics and their values. An 
ordered list of single values for all metrics gives the Specification values of a Product 
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(SP2). PDS is typical big, and thus, the typical sampling, which has been used by 
many studies [31, 35, 36], may not be able to effectively reduce the number of 
samples for the representation of PDS and preventing user fatigue. Specification 
solicitation first screens PDS by taking the approach of WSM. It asks a user to assign 
a score to the values of each metric. This indicates that the quality of SPs is assessed 
against each metric. In addition, the user allocates a weight to each metric, showing 
its importance in relation to the other metrics. Then, the scores are weighed and 
totaled to give a score to SP. These scores can give an idea about the user’s possible 
lowest and highest quality SPs (discussed in detail in Chapter 6). The scores are used 
to screen and sample the PDS for the user. To collect user feedback on the samples, 
specification solicitation asks a user to allocate a score to each sample. The scores of 
the samples are mapped in the domain of PDS. Triangulation method is utilized to 
interpolate the score of SPs in PDS. Statistical hypothesis test is utilized to aggregate 
the scores given by all the users to determine the quality. Statistical hypothesis test 
considers the variance of the scores as well as their mean. At the end, a relationship is 
determined between SPs and scores (quality of SPs). This is explained in detail in 
Chapter 5. A methodology is devised for specification solicitation to deal with large 
PDS in Chapter 6. 
Task 2: concept selection. SDS is typically large, and users may not be able to give 
feedback on all design solutions in SDS. Concept selection (Chapter 7) decomposes 
design solutions to a number of parameters, and sets their values according to the best 
targets identified by specification solicitation. It adaptively samples the parameter 
values to represent the solutions to users. Concept selection introduces a user in a 
loop. In each loop, the user sets the value of a parameter. After setting the value, a 
number of design solutions are sampled, and the user select one of them. The selected 
sample is used for starting the next loop. Concept selection uses the relationship 
identified in specification solicitation (f between SPs and quality) as well as the user’s 
choices to screen SDS in order to sample the solutions for the user. The loop is 
continued until the user reaches a design solution that complies with his/her needs. 
The relationship f is used to sample the higher quality solutions in each loop so that 
the user reaches his/her highest quality design solution more quickly. Concept 
selection identifies the best designs from SDS. The main part of this thesis ends here. 
                                                     
2 Considering two specifications ‘depth is less than 9 mm’ and ‘talk-time is more than 10 h’, 
the ordered list is (depth, talk-time). An example of a SP is the 2-tuple (8 mm, 12 h).  
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The third part (Chapter 8 and Chapter 9). The third part develops two tools to 
implement the tasks of the framework. The tool for specification solicitation 
communicates the form and size of hand-held electronic consumer products to users 
in a new interactive way (Chapter 8). The tool builds the natural hand-product 
interactions to help users in the estimation of the form and size. It allows a user to 
grasp DP of a product and manipulate the DP in 3D space to explore its form and 
size. The tool augments the DP on the user’s hand at the same scale and with the 
same perspective view as that of the hand. The tool for concept selection allows a 
user to produce a design solution by setting the values of parameters defined for 
design solutions (Chapter 9). It should be noted that at the end of Chapter 8 and 
Chapter 9, the effectiveness of the tools (in helping users estimate the values of 
physical characteristics correctly and quickly) is evaluated by using the evaluation 
method proposed in Chapter 4. 
3.5 An Illustration Example  
This section illustrates an example to demonstrate task 1 (specification solicitation) of 
the framework. This section demonstrates that we can effectively accomplish the 
objective of concept validation by using DPs and scoring. The size of the front face 
(width×height) of the smartphones was used for the case study. We attempted to 
identify the best size in an experiment (EXP-D). EXP-D is designed based on the first 
task of the framework; the details are presented in Section 3.5.1. The best size (OUT-
D) was physically realized, and user feedback on it was collected to determine its 
quality. This was done to show how effectively the best size was identified. 
Physical prototyping and qualitative feedback can also be the potential choices for 
performing the validation. We performed another experiment (EXP-P) utilizing these 
methods to identify the best size. The best size (OUT-P) was physically realized and 
its quality was determined by using the user feedback. The quality of OUT-D and 
OUT-P were compared to show whether DP and quantitative feedback are the better 
choices. 
3.5.1 Study design 
Fifteen subjects participated in this study. Their ages were between 25 to 31 years 
with the mean value of 27 years. They participated in both experiments, and were 
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informed that the prototypes illustrated the size of the front face of a smartphone. The 
size was defined in the interval of 60≤width≤70 mm and 125≤height≤135 mm. The 
initial size of the DP and the size of the physical prototype in EXP-P was 65×130.  
Nine sizes were sampled in EXP-D; three samples for each of width and height. The 
samples of the width and height were {60,65,70} mm and {125,130,135} mm 
respectively. The DP was projected in the subjects’ hand, and they could virtually 
grasp and manipulate it in 3D space (Figure 3.3). The DP was projected with the scale 
and in the perspective view of the hand. The background was the live environment 
behind the hand. The subjects could navigate between the samples of the size by 
using the left/right arrow keys on the computer keyboard. The subjects assigned a 
score to each sample. The scores were defined on a cardinal scale of integer values 
from 1 to 10, where 1 and 10 represented the lowest and highest quality sizes. 
 
Figure  3.3 Several screenshots of the user interactions with the DP in EXP-D 
To grasp the DP with the new size, the subjects only required changing the hand pose 
by moving their fingertips because the DP with the new size was projected at the 
same location and with the same orientation of the last DP (Figure  3.4). When the 
subjects thought that they grasped the DP, they pressed Enter to continue the 
interactions. In our experiments, no subject had difficulty with this. It should also be 
noted that we supervised and helped the subjects during their interactions with DPs. 
In EXP-P, the subjects interacted with the physical prototype. The subjects were 
interviewed to collect their qualitative feedback on the size. After obtaining OUT-D 
and OUT-P, the subjects were recalled to allocate a score to them. 




Figure  3.4 Screenshots of changing the size of the DP in EXP-D 
3.5.2 Method 
Statistical hypothesis test was utilized to determine the quality of the samples of the 
sizes. The mean of the scores of each 2 samples were compared by using the paired 
student’s t-test. The hypothesis was: ‘the mean values of the scores are not equal’, P-
value<0.05. H0 stood for the equal quality. If we failed to reject H0 for two samples, 
the populations of their scores were merged and the mean of the merged populations 
was considered as the quality of the samples. The samples, whose scores were not 
merged with the scores of the other samples, got the mean of their own scores as their 
quality. The hypothesis tests were done to not distinguish the same quality sizes 
because of the different mean values of their scores (this is illustrated in Section 2.4). 
The quality of the sizes in the domain [60,70]×[125,135] mm2 was interpolated by 
using the triangulation method and the determined quality of the samples [117].  
3.5.3 Results 
The quality of the sizes in EXP-D is shown in Figure  3.5-a and b. The sizes (60 to 
65,135) mm achieved 8.1 scores, and their median (63,135) mm was considered as 
OUT-D. In EXP-P, the subjects were provided with one physical prototype with the 
size of 65×130 mm2. During the interactions with the physical prototype, the 
feedback of the majority of the subjects (11 out of 15) was that ‘width should be a 
little greater than 65 mm’. According to the feedback, we considered 65+Δ mm (Δ is 
 Chapter 3 A framework for concept validation 
26 
 
real number>0) as the width guessed more suitable by the subjects. OUT-P was set to 
(67,130) mm. The physical realizations of OUT-D and OUT-P achieved 8.00±0.73 
and 5.67±1.01 scores respectively (Figure  3.5-c). This shows that EXP-D that is 
designed based on the proposed framework selected a higher quality size than EXP-P. 
3.6 Discussion 
A framework was introduced for concept validation through digital prototyping and 
quantitative feedback. It targets two critical stages at conceptual design to involve 
users for the validation. The tasks for the validation at each stage and the generic 
functionality of each task were defined. To support the validation process, a method 
was devised to help communicating design solutions to users by using DPs, and a 
process was developed to collect and analyze user feedback about design solutions. 
Tools based on digital prototyping were developed to facilitate implementation of the 
tasks. Through an illustrated example for the size of smartphones, we showed that 
one of the highest quality sizes could be identified. This indicates that the framework 
is able to identify the best solutions by utilizing the developed methods (used for 
analysis of user feedback in the example), methodologies (task 1), and tools (used for 
communication of the size to users by using DPs in the example). 
The scores of OUT-D and OUT-P are estimated by using Figure  3.5-b. OUT-D and 
OUT-P are given the scores of 8.1 and 5.94 respectively. The difference between the 
scores of OUT-D and OUT-P and the mean of the scores given to their physical 
realizations was 0.1 and 0.27 respectively. Such small differences can show that the 
scores obtained by EXP-D correctly estimate the quality of the sizes. The ratios 
between the qualities of OUT-D and OUT-P were calculated by using the results of 
EXP-D (Figure  3.5-b) and also by using the scores given by the subjects to the 
realizations. The former was 1.36 and the latter was 1.47±0.38 (Figure  3.6). Such 
small difference between the ratios shows that the estimated scores in EXP-D give the 
degree to which the quality of OUT-D is higher than OUT-P. Thus, it can be said that 
the cardinality is achieved in EXP-D. The cardinal scores can be helpful in decision-
making as mentioned in Section  2.3. Overall, it can be concluded that EXP-D, 
defined based on the tasks of the framework, successfully determined the quality of 
the sizes. 




Figure  3.5 The subjects’ feedback (a) the quality of the samples of the size, (b) the 
interpolated quality of the sizes in the domain, and (c) the scores of the outputs of the 
experiments and their mean values  
 
Figure  3.6 The ratio between the scores given by the subjects to the physical 
realization of OUT-D and OUT-P 
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The scores given by the subjects to the realizations of OUT-D and OUT-P were 
compared. One-tailed paired student’s t-test was utilized to check the hypothesis 
‘OUT-D gets higher score than OUT-P’. The scores by each subject were paired. H0 
stood for the difference in the other direction. Significant statistical evidence was 
found to reject H0, P-value≈0.0001. Therefore, it can be concluded that EXP-D 
selects the size with the higher quality than EXP-P, showing DP and scoring can be 
the better choices for the concept validation designed by our framework.  
In EXP-D, we had objective evidence (i.e. the scores) to assess the quality of the 
sizes, whereas, in EXP-P, we had to interpret the subjective terms (e.g. larger and a 
little smaller in the subjects’ feedback). For example, Figure  3.5-b shows that width 
should be less than 65 mm when height is more than 128 mm, and users are 
indifferent between the values between 60 and 65 mm. Besides, it illustrates that the 
quality increases by increasing the height, and the heights more than 134 mm are high 
quality. Such objective evidence could help us to identify a quality size. Therefore, 
the quantitative feedback can be superior to the qualitative one for our framework. 
EXP-D helped users estimate the sizes by changing the length of the width and 
height, while users had to imagine the sizes in EXP-P. In the latter case, the estimates 
may not be correct. To illustrate, 11 subjects wanted the width ‘a little greater’ than 
65 mm in EXP-P. The scores they gave to the samples in EXP-D (Figure  3.7) show 
that for only height of 125 mm, the statement ‘a little greater’ is valid. This can imply 
that in EXP-P, the subjects could not correctly estimate the sizes and their feedback 
was not useful. Therefore, digital prototyping can be the better choice for our 
framework. 
 
Figure  3.7 The mean of the scores in EXP-D against width 
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 Design concept communication by using Chapter 4
digital prototypes 
Design concept communication, in the context of this thesis, is a process in which 
critical information, such as design intents3 [118] and user experience of design 
solutions [119] are exchanged through designer-user interactions via a medium4 [121, 
122]. The communication brings design concepts (as embodiments of design intents) 
to users and brings user feedback (as interpretations of design intents) back to 
designers [50, 123]. For example, Poirson et al. [20] elicited user perceptions of 
several geometrical forms of a wine glass on the sematic dimension ‘elegant’ in order 
to generate the most elegant wine glass. Elicited user perceptions can be useful for 
selecting a design solution that fulfills the intents if the users have a good level of 
understanding of the solutions before giving feedback on them [4, 33]. To help users 
understand the solutions, the communication medium plays a critical role [8, 124]. 
The proposed framework utilizes DP, as a form of communication media, to visualize 
a realistic 3D conceptual embodiment of design solutions and specification values by 
rendering some of the important physical characteristics (e.g. size, color, and texture) 
[5, 49]. One aspect of user understanding depends on how well users can estimate the 
values of the physical characteristics through interactions with DPs. The trend 
towards enhancing the user estimates of the physical characteristics suggests 
improving the ability of DPs to render the characteristics [8, 50] by increasing its 
level of fidelity [51] and flexibility [52] (Section 2.1). In addition to the ability of 
DPs, several studies [19, 60, 61] have argued that the environment in which a DP is 
projected and the input/output devices utilized for building user-DP interactions also 
have impacts on how well the physical characteristics can be sensed and estimated. 
For example, Kim and Lee [61] showed that user estimates of the color can be 
different when a DP is represented on different backgrounds. Tovares et al. [19] and 
Artacho et al. [37] studied the effects of the interactive communications (i.e. the 
communications in which users can manipulate DPs) on the user estimates, and 
                                                     
3 Design intents refer to the designers’ message embedded in the design concepts. The 
communication aims to send the message (e.g. ‘elegant’ embedded in the form of a wine 
glass) to users via the medium and elicit their perceptions (i.e. how elegant the form is).  
4 The medium is the representation of designer intents [120] of the future product and its 
features. 
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demonstrated that the interactive ways are superior to the non-interactive ones. These 
studies have emphasized that user estimates can be different when a DP is used in 
different ways. 
In the communication of physical characteristics, DPs can be projected on different 
backgrounds (e.g. 2D instant images and live environment), and can be manipulated 
with different input devices (e.g. 2D/3D mouse and haptic devices). In addition, the 
response to the manipulations can be received by users with different output devices 
(e.g. head-mounted devices, 2D screen, and force feedback devices). Each way of 
using a DP in a communication has impacts on how correct the users can estimate the 
values of the physical characteristics. To identify the best way (background and 
input/output device) among the available ways for building the communication, we 
need to know how effective each way is in terms of the correctness of user estimates. 
However, little attention has been given to the research into the way of using DPs to 
enhance user estimates of the physical characteristics, especially the evaluation of the 
effectiveness of different ways of using a DP [46]. 
This chapter develops a methodology to evaluate the effectiveness of communication 
of physical characteristics of design solutions and specification values by using DPs. 
The effectiveness is obtained by measuring the degree of correctness of user 
estimates of the values of the physical characteristics during user-DP interactions. 
The measurements are assessed on three assessment dimensions to determine how 
correct and quick the users can estimates the values. The assessments are then 
evaluated on two evaluation criteria by using statistical analysis and hypothesis test to 
reveal the effectiveness of communication. The effectiveness shows the extent to 
which the communication can help users estimate the values of the characteristics 
correctly and quickly. Such evaluation helps designers compare different ways of 
using a DP in order to identify the most effective ways among the considered ones. 
For validating the proposed methodology, the size (width, height, and depth) of 
smartphones is used for a case study in this paper. 
4.1 A methodology for evaluating the effectiveness of 
communication of physical characteristics 
The effectiveness, in the context of this thesis, demonstrates how successfully the 
communication of physical characteristics by using a DP can help users correctly and 
quickly estimate the values of the characteristics. A methodology is proposed to 
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evaluate the effectiveness of the communication of physical characteristics (Figure 
4.1) [46]. In the methodology, an experiment is designed for the evaluation (Step-1), 
users are involved in the communication (Step-2), and the users’ estimates of the 
values of the characteristics are assessed and analyzed to reveal the effectiveness 
(Step-3). In Step-3, the users’ estimates of the values are assessed several times 
during the users’ interactions with the DP on three assessment dimensions (Step-3A). 
A relationship is identified between the degree of correctness of users’ estimates and 
the time required to achieve that degree (Step-3B). 
 
Figure  4.1 The evaluation methodology 
Figure 4.2 shows an example of how a user’s estimate of the color rendered by a DP 
can be assessed and evaluated. The user’s estimates are assessed several times during 
the interaction with the DP. The degree of similarity between the user’s estimates of 
the color and the rendered value is assessed at each assessment time to determine the 
degree of correctness of the estimates. By using the determined degree, we identify a 
relationship showing how correct the user’s estimates are against the communication 
time. The relationships identified for all the involved users are analyzed and 
aggregated to reveal the effectiveness. 




Figure  4.2 An example of evaluation of communication of color by the methodology 
4.2 Assessment of communication of physical 
characteristics 
To assess the communication, the Degree of Correctness of a user’s Estimates at 
assessment Time t (DCET) is determined. At t, the assessment result is the expected 
DCET, i.e. the mean of DCET of all users. 
4.2.1 Procedure of the assessment 
A user’s DCET at time t is a score (s) given to him/her based on the correctness (D) 
of his/her estimates of the values of the physical characteristics at t, i.e. 
DCET=Ƒ(D,t). The score can be a real number in the interval (0,1], where ≈0 and 1 
correspond to the lowest and highest scores respectively. Since defining Ƒ for the 
continuous interval is not easy, we consider a number (m) of scores for DCET of 
users; s1≈0, si=(i-1)/(m-1), i=2,3,…,m. 
Measurement of D is a challenge because users’ estimates are difficult to collect and 
interpret. In the methodology, a set of values (V) of the characteristics is realized and 
demonstrated to users. V also includes the values rendered in the communication. 
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Using V, users can illustrate their estimates to designers by attempting to find the 
rendered value. Figure 4.3-a shows an example of V comprising six values of color. 
As an advantage of using V, users may not have to explain their estimates, and also, 
designers may not have to interpret the users’ explanations of the values. 
 
Figure  4.3 An example of V for color (a) the values and (b) their d 
To measure D by using V, a numerical value (d) is assigned to each value of V. It is 
done in a way that the difference between d of two values reflects the degree of their 
similarity. d can be a scalar or a vector depending on the number of the physical 
characteristics or their parameters. For instance, the color can be defined by three 
parameters; hue, saturation, and intensity in HSI system [125]. d of the values of the 
color can be (dhue,dsaturation,d intensity). For the example in Figure 4.3-a, d is 
(205,100,d intensity), and d intensity is given in Figure 4.3-b. D is measured as the 
geometric distance between d of the rendered value and the value chosen from V. By 
considering L∞-norm [125] as the distance in the example of color (Figure 4.3), D of 
the first and sixth values is 28=max(|205-205|,|100-100|,|38-10|), where |·| denotes the 
absolute operator. 
D is greater than or equal to zero. The degree of similarity of the values only depends 
on the distance between their d. D is not changed by exchanging the rendered and 
chosen values. In addition, two different values that have the same degree of 
similarity from a rendered value are given the same D. For example, in Figure 4.3, D 
of the third and fourth values from the sixth one is nine. 
To specify Ƒ, Boolean expressions in terms of D and t for each score are considered. 
Ƒ gives a user a score corresponding to the expression that is true for his/her 
measured D and t. In other words, Ƒ is a look-up table that maps D and t into the 
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scores by using the expressions. Ƒ will be explained in detail in Sections 4.2.3 and 
4.2.4. 
Ƒ should satisfy the following conditions. A user’s score will become higher if and 
only if his/her choice from V becomes more similar to the rendered value, or 
equivalently, D is decreased. As such, in the context of mathematics, Ƒ is strictly 
monotonically decreasing with respect to D, i.e. ∂Ƒ(D,t)/∂D<0, where, ∂ is the partial 
differential symbol. This condition means that, at time t, the score is the most when 
D=0 and it decreases when D→∞ (‘∞’ is the largest distance that a value in V can 
have from the rendered one). Therefore, the Boolean expressions must be defined in 
order that Ƒ satisfies the condition, meaning that when D increases from 0 to ∞ at t, 
the expression that becomes true must correspond to a smaller score. Moreover, 
scores of users at t will be equal if and only if their Ds at t are equal. Thus, at t, Ƒ is 
one-to-one and the expressions must not have intersections, i.e. there must be only 
one true expression for each D. 
A similar construct to Ƒ can be found in Kim and Lee’s [61] work on developing a 
model for color. The model was used to elicit user preference for the color of digital 
hand-held devices. To investigate whether that model can help users correctly 
estimate the color, users participated in a study in which a user rated the degree-of-
similarity between the digital and physical realizations of the color (i.e. 
rates→degree-of-similarity). We use similar construct to measure DCET (i.e. 
estimates→DCET). In contrast, our construct asks users to estimate the values, not to 
rate that degree-of-similarity. For example, we demonstrate a color to a user, and 
then, ask him/her to find it in V. We use the difference between the illustrated color 
and the users’ choice to rate the degree-of-similarity (or to identify DCET). Our 
construct also takes time into account. This is to investigate whether certain intriguing 
relationships exist between the degree of correctness that users can estimate and how 
much time it would take. 
4.2.2 Assessment dimensions 
Measurement of D at each time is assessed on three dimensions, namely degree-of-
correctness, time-to-estimate, and handling-of-variations. The dimensions reflect the 
degree of correctness of users’ estimates as well as timing for achieving that degree. 
Degree-of-correctness expresses the degree to which users can correctly estimate one 
value for each physical characteristic through interaction with the DP. This dimension 
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can be compared with the fidelity defined by [51, 126]. The fidelity shows the extent 
to which a DP can realistically render the characteristics (please see Section 2.1 for 
definition of fidelity), whereas, degree-of-correctness shows the extent to which 
users’ estimates reflect the values of the characteristics. Degree-of-correctness 
compares user estimates of values of physical characteristics with the real values. 
When evaluating the values of physical characteristics of a design concept, it is 
important that user estimates correspond well with the values. The assessment on 
degree-of-correctness can provide how well the correspondence is. 
Time-to-estimate expresses how quickly users can estimate one value for each 
physical characteristic through interaction with the DP. Time-to-estimate can be 
affected by interactivity defined by [53]. The interactivity shows the degree of 
similarity between the user-prototype interactions (e.g. manipulating DP in 3D space 
to explore the geometrical form of design concept) and their respective physical 
interactions (e.g. manipulating by using hand). The higher level of interactivity can 
generally reduce the estimation time [51]. The assessment on time-to-estimate 
provides the timing required for estimating the values of physical characteristics 
through interaction with a DP. 
Handling-of-variations expresses the extent to which users can estimate a number of 
values of the physical characteristics after a period through interaction with the DP. 
DPs are typically flexible to change in order to render different values of a 
characteristic. This makes DPs quite helpful in eliciting user perceptions of the values 
[19]. However, when a user encounters several values of a physical characteristic, 
his/her estimates may not correspond well with the values, affecting their feedback. 
The assessment on handling-of-variations provides the number of the values that 
users can correctly estimate through interaction with the DP. 
Figure 4.4 summarizes the explanations of the relationships between the existing 
assessment dimensions and our proposed dimensions. Fidelity, interactivity, and 
flexibility can be used to examine the ability of DPs to enhance their visualization 
and changeability. Such enhancement may not necessarily result in good user 
estimates of values of physical characteristics of design concepts [28, 53]. In 
comparison, the assessment of communication of physical characteristics on the 
proposed dimensions can be used to determine the extent to which users can estimate 
the values of physical characteristics correctly and quickly. Therefore, the proposed 
dimensions can better conform to evaluation of the effectiveness. 




Figure  4.4 How to enhance DP vs. how to use DP 
4.2.3 Assessment of communication on the dimensions 
DCET of a user (or his/her score) on degree-of-correctness (DCETDC) is determined 
by measuring D (Table 4.1). To obtain ƑDC relating DCETDC to D and t, the range of 
D, i.e. [0,∞), is divided into j parts, and each part is corresponded to a score. In the 
example in Figure 4.3-a, D can be divided into 3 parts, [0,10), [10,30), and [30,∞), 
corresponding to the score of 1, 0.5, and ≈0 respectively. In this case, if D for a user 
is 17, then his/her DCETDC is 0.5 because 17∈[10,30). DCETTE is determined by 
measuring time to reach a critical D (Dcrit); Dcrit is D that designers expect users to 
achieve. ƑTE gives a user a score according to the time period that he/she reached 
Dcrit. To define ƑTE, the time [0,∞) is divided into j parts, and each part is 
corresponded to a score. To determine DCETHVN, D/drendered (Dd) is computed at t; 
where N is the number of the different values of the characteristics. To define ƑHV, 
the range of Dd, i.e. [0,1], is divided into j parts, and each part is corresponded to a 
score. The proposed ƑDC, ƑTE, and ƑHV are strictly monotonically decreasing because 
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DCET is increased by decreasing D (Note that D is quantized to two levels for time-
to-estimate and j levels for the other two dimensions). 
Table 4.1 Ƒ and the outputs on the assessment dimensions 
 Ƒ  the output 
DCETDC      






(tcrit3 & N) 
[0, D1] [0, t1] [0, Dd1] sj=1 
(D1, D2] (t1, t2] (Dd1, Dd2] sj-1 
⁞ ⁞ ⁞ ⁞ 
(Dj-3, Dj-2] (tj-3, tmax1] (Dd j-3, Ddmax2] s2 
(Dj-2, ∞) (tmax, ∞) (Ddmax, 1] s1≈0 
 
1 tmax is the longest acceptable time for achieving Dcrit. 
2 Ddmax is the largest acceptable Dd. 
3 tcrit is the duration that designers expect users to achieve Ddmax.  
    
    
The expected DCETa at t (Ma,t) is the statistical mean of users’ DCETa at t; where a 
represents an assessment dimension. Ma,t is also represented qualitatively by a set of 
qualitative indicators QIi, i=1,2,…,j, where QI1 and QIj are the lowest and best ones 









4.2.4 Aggregation of the assessments 
DCET is obtained by aggregation of DCETDC, DCETTE, and DCETHVN as shown in 
(4.2). 
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DCET=Ƒ(D,t)=      wDC∙wTE ∙ ƑDC∙ƑTE + wTE∙wHV ∙ ƑTE∙ƑHV + wHV∙wDC ∙ ƑHV∙ƑDC





Where, w is the weight reflecting the importance of a dimension, and belongs to [0,1]. 
In addition, at least one w is non-zero. 
DCET is calculated for each user, and the mean of all the users’ DCET at t is 
considered as the expected DCET at t (M t). M t is the result of the communication 
assessment at t. The qualitative indicators of Mt are given by (4.3). The range of 
DCET for each QI was obtained by (4.1) and (4.2), where each weight in (4.2) was 









The expression in (4.2) indicates that the enhancement of user estimates at t can be 
larger if the user estimates are more correct at t-Δt (Δt>0). In Appendix A, we show 
that the expression gives this statement, and also satisfies the condition mentioned in 
Section 4.2.1. We will support the statement by using the results of our case study in 
Section 4.7 to justify Ƒ. 
4.3 Evaluation of communication of physical characteristics 
4.3.1 Evaluation criteria 
The methodology evaluates the assessments on two criteria, capability-of-
communication (CAP) and significance-of-change (SIG). CAP t shows how much of 
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M t is the best when DCET of all users at t are equal to one. As such, the best Mt 
‘Mbest’ is one. SDt is the standard deviation of users’ DCET at t. It shows how much 
we expect a user’s DCET can be close to Mt. A small SDt shows that the 
communication using DP can help users achieve DCET closer to Mt. 
SIG shows whether M is improved over time by comparing the population of DCET 
at two successive assessment times. In practice, CAPt is obtained by using DCET of a 
number of users. Therefore, the increase/decrease of its value may not show 
improvement/deterioration of DCET over t. SIG draws the inference about the 
changes in M t by providing statistical evidence from the population of DCET at two 
successive assessment times. 
SIGt is the result of testing the hypothesis: ‘Mt is greater than M t-Δt’. H0 stands for 
the difference in the other direction. To test the hypothesis, DCET of each user at t-Δt 
and t are paired, and paired two-sample student’s t-test is used. SIGt is given by 
(inference, P-value). If strong evidence is found against H0, the inference is 
represented by , meaning that the sample of DCET gives reasonable evidence to 
support the hypothesis with P-value<α; where α is the significance level. Otherwise, 
the inference is represented by . P-value is the probability of obtaining the 
difference between the means at least as extreme as the one observed in the 
experiment, assuming the truth of H0. 
4.3.2 Effectiveness of communication 
The effectiveness is the relationship between M and t. It gives the trend in 
improvement of DCET, and represented by Tr. Tr is a 3-by-r matrix, where r is the 





QI of Mt� (4.5) 
  
  
Tr can be depicted as shown in Figure 4.5. The white vertical bars show M t and the 
black vertical lines show SDt. SIG t is illustrated on the line connecting M to show the 
significance-of-change. Such illustration can ease the use of effectiveness. 




Figure  4.5 The graphical illustration of Tr 

















Where, a, b, and c can correspond to any of DC, TE, and HV, and a≠b≠c. 
The last row of Tra,t is the coefficient of the partial differentials in (A.1) of Appendix 
A, and it is called Impact on M (IOM). IOM of dimension a at t-Δt shows the 
influence of improvement of Ma from t-Δt to t on increasing M t. The larger IOM can 
result in more increase in M. Besides, according to (A.1), a dimension on which the 
communication is weaker at t-Δt (i.e. has lower Ma,t-Δt) has the larger IOM. This can 
encourage enhancing the communication on the weaker dimensions so that the 
communication becomes effective on all dimensions. Some of the applications of Tra 
are explained in Section 4.7. 
4.4 Experiment design for conducting the evaluation 
In designing the experiment, V, d, α, and the parameters in Table 4.1 need to be 
defined. The assessments are done at several stages during the communication 
(Figure 4.6). A stage comprises demonstration and representation processes. In the 
former, users interact with DP for a fixed period of time (DT). In the latter, they are 
given a time (RT) to which they should choose a value from V to represent their 
estimates. After each stage, the change in the measured D are analyzed (the analysis 
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boxes in Figure 4.6). The experiment is continued until there is no change in D, 
meaning that the user believes his/her estimates are correct. The period of the 
experiment for a user is ≤r·(DT+RT), and the duration of communication of the 
physical characteristics is r·DT. In the rest of this paper, the indices t is replaced by 
the stage number (e.g. CAP2DT is represented by CAP2). 
 
Figure  4.6 The timing of the experiment  
4.5 Feedback on the experiment  
The evaluation results are used as the feedback to enhance the experiment. The 
feedback (the dashed lines in Figure 4.1) may lead to the revision to the experiment 
design, the sample of users, or the evaluation results. For example, the evaluation 
results may show that DT is not well-set or the sample of users is not well-selected. 
The revision may update Tr and/or restart the process of the evaluation. 
The revision to the experiment design can be the change of V, DT, or RT. For 
instance, small D for the majority of users may indicate that the rendered values are 
quite different from the other values in V. In this case, including the values more 
similar to the rendered ones can help to find out if the small D relates to V or it may 
be due to the high effectiveness of the communication. The revision can also result in 
the change of d, α, or the values in Table 4.1. In these cases, the revisions may just 
require updating Tr by using the new values. 
The feedback on the sample of users may show that new users should be involved or 
some of the users should be excluded. For example, the correlated DCET of users 
may imply that the sample of users is not representative of the user population. In this 
case, increasing the sample size can help to find out whether the correlation relates to 
the samples or it may be due to the effectiveness of the communication. When users 
are excluded, Tr should be updated by removing the data of the excluded users.  
Feedback on the experiment is an important part of the methodology. It helps to 
enhance the experiment to achieve Tr reflecting the effectiveness of communication. 
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4.6 Case study 
This section demonstrates how the proposed methodology can be used in real 
scenarios through a case study. In the study, the effectiveness of two types of 
communication setups, namely virtual reality (COM-V) and mixed reality (COM-M), 
was evaluated. The setups were developed for rendering the size of electronic hand-
held devices with the focus on smartphones. The same DP was used in both setups 
while both the background and input devices were different in the setups. The 
purpose of conducting experimental studies under such arrangements was to show 
that the evaluated effectiveness can demonstrate how successful a setup is, and also 
can help to select the better way of using DP, i.e. a better background or an input 
device or the combination of both. 
4.6.1 Communication setups 
In both COM-V and COM-M setups, the size of the smartphones was rendered by 
using a digitally-prototyped rectangular box. In COM-V, the prototype was projected 
with ‘scale 1’ on a 2D screen (i.e. the size could be measured by a ruler on the 
screen). The background was a solid white plane. The prototype could be rotated with 
3 degree-of-freedom and moved in a 2D plane (parallel to the screen) by using a 2D 
mouse. Movement along the depth (i.e. towards the inside of the screen) was disabled 
since it might not be recognizable because of the 2D background. In COM-M, the 
setup used in EXP-D (Section 3.5.1) was used. 
4.6.2 Experiment design 
Seven subjects participated in the COM-V setup. Their age was between 25 to 31 
years with the mean value ≈28 years. Eight subjects participated in the COM-M 
setup. Their age was between 26 and 31 years (mean value ≈28 years). Two subjects 
in each group were considered as control subjects. All the subjects were informed that 
the DP visualized the size of smartphones. 
According to the experiment design (Figure 4.6), there are several interruptions to 
user-DP interactions during the communication of physical characteristics in order to 
measure D. An interruption at a time can affect user estimates of the values of 
physical characteristics for the rest of the communication period. It is important that 
the effects be negligible so that the evaluations can reflect the effectiveness of the 
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communication. Therefore, the control subjects were considered to determine the 
significance of the effects. For the control subjects, no interruption was incorporated 
into the communication. 
The experiment comprised two tasks. The first task was the assessment of the setups 
on degree-of-correctness and time-to-estimate. In this task, the subjects interacted 
with the prototype with size of 60×130×8 mm3 (width×height×depth). DT and RT 
was 30 s and 60 s respectively (Figure 4.6). In each stage, a blank millimeter paper 
was used for each subject. The second task was the assessment of the setups on 
handling-of-variations with N=3. Three smartphones with the sizes 60×130×8, 
65×115×9, and 70×140×7 mm3 were considered. The sizes were chosen based on the 
size of the existing smartphones in the market in the 2nd quarter of 2013. The subjects 
were given DT seconds to interact with the prototype. They could navigate between 
the sizes by using the left/right arrow keys on the computer keyboard. They had up to 
RT seconds to draw the sizes on a plain paper after each DT seconds. The three sizes 
must be drawn on the same paper because we wanted the subjects to express their 
estimates of the differences between the sizes. In each stage, a blank paper was used 
for each subject. 
V was defined as the range 0<width,height,depth<300 mm, where 300 mm was the 
length of the longest line that could be drawn on the papers in the tasks. d was 
considered as the measurement of the length of the lines divided by the acceptable 
errors, which were 4, 6, and 2 mm for the width, height, and depth respectively. L∞-
norm was used to calculate D. The values of the parameters in Table 4.1 are 
illustrated in Table 4.2. Table 4.3 illustrates QI and their respective range for Ma and 
M. α was 0.05. 
Table 4.2 The specification of the parameters of Ƒ 
 Ƒ  the output 
DCETDC      






(180 & 3) 
[0,0.5] [0, 60] [0, 0.1] 1 
(0.5,0.75] (60, 150] (0.1, 0.15] 0.67 
(0.75,1] (150, 240] (0.15, 0.2] 0.33 
(1,∞) (tmax=240, ∞) (Ddmax=0.2, 1] ≈0 
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high [0.67, 1] [0.45, 1] 
medium [0.33, 0.67) [0.11, 0.45) 
low (0, 0.33) (0, 0.11) 
very low ≈0 ≈0 
   
   
4.6.3 Results 
The experiments were conducted until Stage 4 because the subjects made no revision 
to their estimates from Stage 3 to 4 (for some subjects, from Stage 2 to 3). The results 
of the first three stages (90 s) are illustrated in this section. There were two 
interruptions during the communication period of 90 s. For the control subjects, the 
assessment was performed at t=90 s. The results of the non-control subjects are 
tabulated in Table 4.4.  









e COM-V  COM-M 
V12 V2 V3 V4 V5  M13 M2 M3 M4 M5 M6 
D 
1 1.50 2.00 1.50 1.00 1.75  1.00 0.75 0.75 0.83 1.00 1.00 
2 0.68 0.67 1.50 0.50 1.00  0.75 0.58 0.25 0.33 0.50 0.63 
3 0.68 0.50 0.75 0.50 0.75  0.50 0.38 0.25 0.50 0.38 0.25 
t 
1        86 37    
2 125 112  119   97   104 132 121 
3 --- --- 166 --- 171  --- --- --- --- --- --- 
Dd 
1 0.13 0.25 0.16 0.16 0.17  0.30 0.25 0.14 0.22 0.25 0.22 
2 0.11 0.17 0.17 0.09 0.12  0.23 0.26 0.11 0.26 0.21 0.18 
3 0.08 0.10 0.12 0.06 0.13  0.21 0.22 0.09 0.21 0.22 0.14 
 
1 the highlights show the values greater than the acceptable errors 1.00 for D and 0.2 for Dd. 
2 subjects in COM-V 
3 subjects in COM-M 
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The effectiveness of COM-V is shown in Figure 4.7. Tr in the black box is the 
effectiveness of communication of the size, and the rest are the effectiveness on a 
dimension. The highlights in the background of the plots represent the qualitative 
levels given by Table 3.  
 
Figure  4.7 The effectiveness of COM-V 
Referring to Tr (Figure 4.7-a), CAP1 (0.01±0.02) may show that COM-V cannot help 
users to correctly estimate the sizes in less than 30 s. M2 (0.32) is improved to the 
medium level of q, and SIG2 shows that the improvement is significant, P-
value<0.05. COM-V can reach the high M (0.51) after 3 stages. SIG3 shows that M3 
can be greater than M2, P-value<0.05. CAP3 (0.51±0.19) may imply that a user’s 
DCET can be medium to high after three stages. In TrDC (Figure 4.7-b), CAPDC,1 
(0.07±0.12) shows that DCETDC in Stage 1 is low. At stage 3, the high-level DCETDC 
is expected because MDC,3 is 0.80 and SDDC,3 is small. The large reduction (≈2 times) 
in SDDC from Stage 2 to 3 can show that more users can correctly estimate the size 
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after 90 s. By using the COM-V setup, one can expect the high-level DCETDC after 
90 s. Referring to TrTE (Figure 4.7-c), COM-V may not be useful for improving 
DCETTE in less than 30 s (CAPTE,1≈0). MTE rises to the medium-level after three 
stages. In TrHV (Figure 4.7-d), CAPHV and SIGHV show that MHV has a steady 
improvement from Stage 1 to 3. CAPHV,3 shows that the high-level DCETHV can be 
expected after 90 s. Therefore, COM-V is capable of helping users estimate the 
differences between three sizes of smartphones, i.e. how big/small the sizes are in 
relation to each other. However, it cannot help users estimate the width, height, and 
depth. 
Referring to Figure 4.7-b-d, IOM is quite low (0.27±0.14) in Stage 1. To increase M 
by 0.31 from Stage 1 to 2, MDC, MTE, and MHV are increased by 0.46, 0.40, and 0.27 
respectively. In Stage 2, IOM is 1.02±0.08, almost four times larger than IOM in 
Stage 1. M could reach to 0.51 from 0.32 at Stage 3 by increasing MDC, MTE, and 
MHV by 0.27, 0.13, and 0.2 respectively (almost half of the increases in Stage 1). 
Therefore, when IOM is larger, smaller increase in Ma is required to add a certain 
value to M. This supports the statement in Section 4.2.4, which implies that Ƒ is a 
good choice for the aggregation of the assessment on the proposed dimensions. 
Figure 4.8 shows the effectiveness of COM-M. Referring to Tr (Figure 4.8-a), the 
subjects’ estimates become more correct from Stage 1 to 3. CAP3 (0.48±0.22) shows 
that a subjects’ DCET can be low to high, meaning that the user-DP interaction time 
should be longer than 90 s to achieve high users’ DCET. TrDC (Figure 4.8-b) 
demonstrates that COM-M can deliver the best performance after 90 s 
(CAPDC,3=1.00±0.00). In TrTE (Figure 4.8-c), COM-M reaches the high-level MTE,2 
in 60 s. TrHV (Figure 4.8-d) shows that MHV has a steady but not significant increase 
from Stage 1 to 3. Therefore, COM-M is capable of helping users estimate the width, 
height, and depth. However, it cannot help them estimate the differences between 
three sizes of smartphones. 
The black squares at t=90 s in Figure 4.7 and Figure 4.8 illustrate the mean of the 
results of the control subjects. As can be seen, M of the control subjects are similar to 
M of the non-control subjects at 90 s. Pearson correlation coefficient was adopted to 
show the degree of the similarity. The correlation coefficient was 0.998±0.001, and 
this high correlation shows that the effects of RT were not significant on the users’ 
estimates of the size. Therefore, the duration of the interruptions can be set so that the 
evaluations can reflect the effectiveness of a communication. 




Figure  4.8 The effectiveness of COM-M 
4.7 Discussion 
We showed that how the methodology can be used in real scenarios in the case study. 
The effectiveness of two communication setups, COM-V and COM-M, was 
evaluated and compared.  
TrDC, shown in Figs. Figure 4.7-b and Figure 4.8-b, demonstrate that the degrees of 
correctness for COM-M are greater than COM-V in all Stages. After 905 s, the former 
achieves the best performance, while the latter achieves 80% of the best performance. 
Therefore, COM-M outperforms COM-V in terms of users’ correct estimate of the 
size. In COM-M, the DP and the user’s hand are projected in the same perspective 
view and scale on the screen. The size of the hand of a user is generally well-known 
                                                     
5 It should be noted that for all Tr in Figs. 8 and 9, M is not changed after 90 s. 
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to him/her. Thus, a user can easily estimate the size of the DP in relation to the size of 
his/her hand. In contrast, the DP in COM-V is projected in a fixed perspective view 
and with a fixed scale. In this case, the user needs to understand the perspective view 
before estimating the size, which may not be easy especially for the users with no 
experience with virtual environments. The level of the user’s understanding of the 
perspective view can affect user estimates of the size. It would be helpful to add an 
object with a well-known size (e.g. a coin) in the environment and in the same 
perspective view of the DP when rendering the size of smartphones in COM-V. This 
can increase the degree of correctness of the estimates so as to enhance the 
effectiveness of COM-V. 
Referring to TrTE (Figure 4.7-c and Figure 4.8-c), COM-M reaches the high MTE 
(0.78) at 60 s, meaning that the users make the correct estimates (i.e. as correct as 
Dcrit) at 60 s, whereas, COM-V cannot reach the high MTE (Figure 4.7-c) at all. 
Therefore, the former is superior to the latter in terms of the timing for a user to make 
the correct estimates with the DP. In COM-V, the DP is projected on a 2D 
background, and the interactions are done by a 2D computer mouse. In the case study, 
the subjects sometimes lost their concentrations because they got confused about the 
orientation of the DP in COM-V. It was observed that the subjects used the ‘reset 
view’ button several times (2.6±1.9 times during the 3 stages), showing the 
distraction from estimation of the size in COM-V. Such distractions can lengthen the 
time required to achieve the estimates with a certain degree of correctness. In 
contrast, the virtual interactions in COM-M are similar to physical interactions with 
smartphone, helping the subjects to immerse in the environment and conveniently 
explore the DP. 
TrHV (Figure 4.7-d and Figure 4.8-d) illustrate that COM-M is markedly inferior to 
COM-V in terms of users’ estimates of the differences between three sizes of a 
smartphone. The effeteness of COM-V on handling-of-variations is high after the 
period of 90 s, and it is ≈3.56 times higher than COM-M. In both setups, the user can 
navigate between the sizes during interactions with the DP. When navigating, the size 
of the DP is changed, but its scale and perspective view are not changed so that the 
user can easily compare the sizes. However, in COM-M, the users are required to 
change their hand pose to grasp the DP of the smartphone possessing the current size. 
This affects the users’ concentration on the values of the previous and current sizes in 
COM-M. 
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Overall, Tr (Figure 4.7-a and Figure 4.8-a) shows that COM-V is more successful 
than COM-M in communicating the size of smartphones. When using the DP in the 
same way as it is used in COM-V, users can estimate a single size and the differences 
between three sizes. Although COM-M is better than COM-M in the case of a single 
size, it is incapable of helping users estimate the differences between three sizes. 
According to Tr (Figure 4.7 and Figure 4.8), the best way of using the DP for 
communicating a single size of smartphone is the projection of the DP on the user’s 
hand. Besides, the best way for communicating three sizes can be achieved when the 
users are kept focused on the sizes at the time of the navigation between the sizes. 
Some other applications of the evaluated effectiveness are discussed in the following. 
An important question at design concept evaluation is: when can designers start 
eliciting user feedback? The feedback is helpful if it is collected after the time at 
which the users’ estimates are good. The effectiveness of a communication on 
degree-of-correctness provides the information regarding the time to achieve a certain 
degree of correctness of user estimates in order to address the question. For example, 
TrDC (Figure 4.8-b) shows that 100% of Mbest is achieved after the time period of 90 
s. Moreover, at design concept evaluation, designers might require users to evaluate 
several values of a physical characteristic (e.g. different sizes of smartphones). For 
instance, Ren and Papalambros [18] parameterized the exterior form of a car with 20 
parameters (each form can be considered as a set of values of the parameters), and in 
an evolutionary process, they asked users to choose one out of six forms at each 
iteration step. By evaluating the effectiveness of the communication of the six 
different forms on handling-of-variations, TrHV provides the information regarding 
the time for users to compare the forms at each iteration step. For example, TrHV in 
Figure 4.7-d shows that COM-V successfully helps users estimate the differences 
between three sizes (with the three parameters, i.e. width, height and depth) after 90 s. 
TrHV in Figure 4.8-d illustrates that COM-M is not helpful in the case of three 
different sizes. 
One importance of the methodology is the use of V to assess how correctly users can 
estimate the values of the physical characteristics. Once V is defined, the 
methodology can be used to evaluate the effectiveness of the communication of the 
physical characteristics. In Sections 4.2.1 and 4.6.2, we showed that how V can be 
defined for the characteristics ‘color’ and ‘size’ respectively. Defining V is fairly 
challenging. The values in V should be selected to not guide the users to the rendered 
values, meaning that they should not be obviously dissimilar from the rendered 
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values. Besides, the users should be able to find the rendered values before their 
estimates of the rendered values are affected by seeing the other values in V. 
Overall, the case study showed that the methodology can be capable of determining 
the best way of using the DP for communicating the size of smartphones so that users 
can estimate the sizes correctly and quickly. Different ways affect the degree of 
correctness of the users’ estimates. And, the degree of correctness impacts the extent 
to which the users’ feedback on the values of the physical characteristics is helpful in 
selecting the better values. Therefore, the ways of using a DP can be related to the 
helpfulness of the feedback. 
This methodology is utilized to help using DPs of electronic consumer products in a 
better way in the communication of form and size in order to enhance the correctness 
of user estimates. In this Chapter, we evaluated the effectiveness of the tool 
developed for specification solicitation. We evaluate the effectiveness of the tool 
developed for concept selection in Section  9.5. The methodology developed in this 
chapter helped us to develop effective tools for the communications at specification 
solicitation and concept selection. 
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 Collection and analysis of user feedback Chapter 5
The number of involved users at conceptual design is limited. Assessing the quality 
of specification values and design solutions by using the feedback of a limited 
number of users can incorporate fixation into selection of specification values and 
design solutions (Section 2.4). The fixation can adapt the selected solutions (i.e. 
output of a mapping) to the needs of the involved users. In Section 2.4, it was 
discussed that the fixation can be incorporated if the mean of the users’ quantitative 
feedback is considered as the quality of a represented specification value or a 
solution. To avoid the fixation, this chapter introduces a process for analyzing users’ 
quantitative feedback collected by scoring. The process adopts statistical hypothesis 
test to infer whether unequal means can imply unequal qualities. Thus inferred, the 
process attempts to give a score to each solution or a group of them as their quality. 
Such process can prevent fixation when choosing the quality values or solutions 
because the decisions on the quality is made based on the population of the scores not 
the single mean values. To assess the performance of the process, a case study was 
done to determine the quality of values of two specifications, width and height of the 
front face of smartphones. We will show that the process is helpful even if the users 
or samples of the values are low in number. Besides, it can estimate the quality of the 
values that are not included in the samples. 
5.1 Determining the quality by using user feedback 
This section describes the scores and their relationship with the quality. Second, it 
introduces the process for analyzing the scores to determine the quality. In the rest of 
this chapter, we describe the process for the design solutions.  
5.1.1 Measurement of the quality by using scores 
The quality is quantitatively measured by scores defined on a cardinal scale of real 
numbers in the range of (0, 10]. The scale is cardinal because the differences and 
ratios between the scores are intended to reflect the degree to which the qualities of 
solutions are different, e.g. 5 means 2 times lower quality than 10. The scores ≈0 and 
10 show that the quality of a solution is the lowest and highest respectively. The score 
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of 0 is excluded from the scale, as there is no ‘0 quality’ solution in conceptual 
design, and the lowest quality solution receives the least score of ε>0.  
The quality is represented by q and the cardinal scale is denoted by Q. Users are 
asked to assess the quality of solutions by assigning an integer number from Q to the 
solutions. The integer numbers are considered in order to simplify the scoring for 
users. A score given by user is represented by qu and defined on the scale Qu.  
5.1.2 A process for analyzing user feedback 
A process (PROC) (Figure 5.1) is proposed to assign scores to solutions. To do this, it 
gathers statistical evidence from qu of solutions to infer whether the solutions have 
the same quality or not. Statistical hypothesis test is adopted to draw the inference. 
The process is explained below for qu of the solutions from S={s1,s2,…,sm}, and the 
mission is to assign each solution a score q by using qu.  
PROC comprises several loops (at most m loops). In a loop, in Step-1, all k-
combinations (Ck) of S are created, where k≤m. This is to test whether there are k 
solutions that have the same quality but have different means. If the test is positive, 
the same score is assigned to the solutions. An example of Ck for k=3<m is 
C3=(s2,s5,s6).  
In Step-2, the mean of qu, represented by ͞qu, of all s of each Ck are compared by 
using statistical hypothesis test to infer whether they are equal or not. The hypothesis 
HA states that q͞u are unequal, and H0 stands for equal ͞qu. Repeated Measures 
ANOVA (analysis of variance) and paired two-sample student’s t-test are utilized for 
k>2 and k=2 respectively. H0 is rejected if at least one ͞qu is different to another one.  
In Step-3, when H0 of a Ck is supported, the entire populations of qu of the solutions 
in that Ck are merged. Then, solutions in Ck are given the same score which is the 
mean of the merged population. After grouping and assigning the score, the merged 
solutions are removed from S, and PROC will not consider them in the subsequent 
loops after removal. For example, consider that s2 and s3 have the scores of 
{5,10,7,6,5} and {4,8,7,9,6} respectively. For C2={s2,s3}, the hypothesis is: the mean 
of the scores of these solutions are equal. Since k is 2, we use t-test to test the 
hypothesis. The results of the test are: t-stat=-0.23 and P-value=0.83. According to 
these results, we fail to reject the hypothesis. Therefore, we consider that s2 and s3 
has the same quality that is the mean value of their merged scores, i.e. mean value of 
{5,10,7,6,5,4,8,7,9,6}. This example was based on the results of Section  5.2.3. 




Figure  5.1 PROC for analyzing the scores given by users 
In Step-4, when k<m, H0 can be supported for some Ck sharing some common 
solutions. In this case, qu of Ck having the highest P-value are merged. For example, 
we assume that H0 is supported for C31=(s2,s3,s4) with P-value=0.7 and for 
C32=(s2,s5,s6) with P-value=0.6. C31 and C32 share s2. In this case, either solutions in 
C31 or C32 are merged. Since C31 has the higher P-value, first, qu of s2, s3, and s4 are 
merged, and then, these solutions are removed from S. As such, C32 is not considered 
because s2 is no longer in S. 
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PROC goes to Step-5, if H0 is supported at least for one Ck. In this step, k that is 
representing the size of the largest Ck is updated; j is the total number of solutions 
removed from S. For the above example, 6 solutions (i.e. s1,s2,s3,s4,s5,s7) are 
removed from S, and thus, j is equal to 6. PROC goes to Step-6, if all H0 are rejected. 
Then, the process continues with a smaller k. In Step-7, k is the size of the largest Ck 
for the next loop. The process continues in the loop until k>1. After breaking the 
loop, there may remain some single solutions not merged with the others. In Step-8, 
each single solution is given the mean of its qu as its score. k1 is a temporary variable. 
PROC helps to find the solutions that have different q͞u, but may have the same 
quality. It gives them the same score that is the mean of their united qu. This can help 
to avoid the fixation with selecting a particular solution when choosing solutions 
based on the mean of their scores.  
5.2 Case study 
This chapter demonstrates that whether the scores assigned by PROC (S-PRO) can 
reflect the quality of solutions better than the scores obtained by averaging (S-AVE). 
PROC is evaluated on its predictive validity, meaning that how well it estimates the 
quality of solutions that are not represented [127-130]. For this end, we considered a 
set of specification values, sampled them, and divided the samples into two parts 
called control and non-control parts. Then, we collected user feedback on all parts (S-
USE), and adopted S-USE of the non-control part to estimate S-PRO and S-AVE of 
solutions of all parts. Next, we compared S-PRO and S-AVE of the control part with 
their corresponding S-USE to determine which one can reflect S-USE better. This 
case study used the size of the front face (width and height) of smartphones. 
5.2.1 Study design 
The width of [60,67.5] mm and height of [125,140] mm were considered as the size. 
Sixteen sizes were taken into account by sampling four values for each of width and 
height. The samples of width and height were {125,130,135,140} and 
{60,62.5,65,67.5} mm, respectively. Twenty subjects participated in the study. The 
subjects aged between 24 to 29 years with mean age of 27 years. The samples 
{125,130,140}×{60,65,67.5} were considered as the non-control part, and the rest 
made the control part. The feedback on the non-control part was utilized to estimate 
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the scores over the domain of sizes (i.e. [60,67.5]×[125,140]) for each subject. The 
estimation was performed by using the triangulation method [117]. Then, S-AVE was 
calculated. By using PROC, S-PRO was obtained. All scores are normalized to 10. 
5.2.2 Method 
S-USE of the solutions in the control part was used to determine their quality. To 
investigate which of S-PRO and S-AVE can be similar to S-USE, paired two-sample 
t-test was used. Root-mean-square-error (RMSE) was also employed to obtain the 
estimation error for S-PRO and S-AVE. To calculate RMSE, S-AVE, S-PRO, and S-
USE were sampled by sampling step of 1 mm. 
5.2.3 Results 
S-USE, S-PRO, and S-AVE are illustrated in Figure 5.2. A visual comparison 
between the graphs can lead to the conclusion that S-PRO can reflect S-USE better, 
especially for the three sizes (62.5,130), (62.5,135), and (67.5,135) in the control part. 
These sizes are labelled by vertical black bars.  
 
Figure  5.2 The quality of solutions in width×height with scores of greater than 7 
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The scores (mean±SD) of the sizes in the control part are demonstrated in Figure  5.3. 
Table 5.1 illustrates the results of the t-tests. According to the results, S-PRO can 
result in the scores similar to S-USE. In contrast, strong evidence could be found 
against equality of S-AVE and S-USE. Moreover, RMSE between S-PRO and S-USE 
was 0.30 and for S-AVE and S-USE was 0.48, showing that S-PRO can be more 
similar to S-USE. Overall, it can be concluded that PROC can outperform averaging. 
 
Figure  5.3 The scores of the size in the control part 
Table 5.1 The results of the t-tests 
solution 
S-PRO  S-AVE 
P-value state  P-value state 
(62.5,130) 0.7144 failed to reject  0.0036 rejected 
(65.0,135) 0.3629 failed to reject  0.0090 rejected 
(62.5,135) 0.2777 failed to reject  0.0001 rejected 
      
      
5.3 Discussion 
S-USE can better estimate the quality of the sizes because more data points were used 
for the approximation of S-USE in comparison with S-PRO and S-AVE. The number 
of data points was almost two times greater for approximation of S-USE. S-USE 
(Figure 5.2-a) identifies the darkest shaded area as high quality sizes (q > 9). 
According to the results of the case study (Figure 5.2), S-AVE, by considering only 
the mean values of user feedback, incorporated fixation with choosing the sizes 
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narrowly around (65, 130) mm2 as high quality sizes. In contrast, the small RMSE 
between S-USE and S-PRO shows that our proposed method could prevent fixation. 
Our method could successfully identify the area that contains the high quality sizes 
(darkest area in S-PRO in Figure 5.2-c) by considering the variance of user feedback 
on the non-control part. Moreover, the qualities of the sizes in the control part (S-
USE) and their interpolated qualities (S-PRO and S-AVE) were also compared 
(Figure  5.3). Strong statistical evidence was found to support that S-PRO could result 
in the qualities equal to S-USE, whereas, for S-AVE, we could not find strong 
evidence. Thus, first, our method successfully interpolated the quality of non-
represented design concepts. Second, our method outperformed a recently revealed 
method in terms of estimating the quality, where the number of samples (nine 
samples) and the number of user quantitative feedback (five scores) were small. 
Overall, the developed method effectively reduces the fixation and estimates the 
quality of design concepts in SDS by using small population of user feedback on a 
small number of design concepts. 
Furthermore, Villa’s et al. method is one of the low sensitive methods to the noise in 
user feedback. As such, to evaluate the sensitivity of our method to the noise, the 
sensitivity was measured and compared with Villa’s et al. method. To do this, the 
noise of ±10 percentages was introduced to the mean value of three non-control data 
points that were highly influential to the three control data points marked by vertical 
black bars in Figure 5.2. The three non-control data points were (60, 130), (65, 130), 
and (65, 140) mm2. These points were highly influential because they were the 
immediate neighbor of the three control points. The impacts of the noise on the 
estimates of the quality of the control points were measured. RMSEs between S-USE 
and noisy ones were 0.21 and 0.42 for S-PRO and S-AVE respectively. According to 
the RMSEs, our method was 2 times less sensitive to the noise than Villa’s et al. 
method. This shows the low sensitivity of our method to the noise. 
As a limitation, PROC becomes time-consuming and computationally expensive by 
increasing the number of samples. We argue that preventing the fixation in concept 
selection leads to identification of better design concepts and can be worth the 
imposed time and cost. To address the limitation, clustering the samples before going 
through PROC can be helpful. As a future work, we aim to incorporate the clustering 
into the method. In addition, we showed that the method worked well with 
quantitative feedback collected by scoring method. Further studies are required to 
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investigate how successfully the method works with other types of quantitative 
feedback and/or quantified qualitative feedback. 
A process was proposed to perform statistical analysis on user feedback to estimate 
the quality of design solutions better. This process will be used in  Chapter 6 to 





 Specification solicitation to identify the Chapter 6
best specification values 
This chapter introduces the methodology of specification solicitation (Task 1 of the 
framework). Specification solicitation aims to identify highest quality SPs (Task 1, 
Section 3.4) from PDS so that the product can evoke users’ positive purchasing 
decisions in the market. By increasing the dimensionality of PDS (i.e. the number of 
specifications and the range of their values), identification of the highest quality SPs 
becomes difficult because of user fatigue [35, 36]. Users may be able to deal with one 
to two specifications, whereas, when encountering more than two specifications, 
taking account of the correlation between the values of the specifications can cause 
user fatigue [36]. Therefore, the methodology is devised to determine the quality of 
SPs with large number of specifications. The capability of the methodology is 
demonstrated through a case study attending to five specifications of smartphones.  
6.1 The methodology of specification solicitation 
The methodology identifies f to determine the quality of SPs, i.e. f:SP→q (PDS→Q). 
The quality of a SP is because of its specification values and the correlations between 
the values (e.g. the ratio between width and height of smartphone) [8, 131, 132]. 
Collection of user feedback on the correlations requires users to take account of 
several values at the same time, which can cause user fatigue. To facilitate this, the 
methodology borrows the approach of WSM to assessment [86], and makes a 
modification to it to better determine the quality. 
WSM comprises two phases, analysis and synthesis. In the analysis phase, WSM 
decomposes PDS into 1-dimensional intervals each of which representing the value 
range of a metric. Then, it collects user feedback on SPs against each metric, resulting 
in the scores of SPs in relation to each metric. This can reduce the likelihood of 
causing user fatigue because dealing with the values of a single metric at a time may 
not be difficult for users. Users also assign each metric a weight reflecting the relative 
importance of the metrics with respect to each other. In the synthesis phase, the 
scores are weighted and totaled to give the quality of SPs. The correlations between 
the values of metrics also affect the quality of SPs. However, WSM does not takes the 
correlation into account and assumes the values are independent, which is not always 
 Chapter 6 Specification solicitation to identify the best specification values  
60 
 
true [87]. Therefore, we tailor the approach of WSM to consider the correlations so as 
to identify f reflecting the quality better.  
The methodology (Figure 6.1) comprises 4 sequential stages. Stage 1 decomposes 
PDS for representation to users. Stages 2 and 3 collect user feedback and process the 
feedback to give scores to each SP. Stage 4 identifies f by aggregating the scores. 
 
Figure  6.1 The methodology of specification solicitation 
6.1.1 Decomposition of product design specification 
Considering PDS comprising m specifications, the methodology, first, decomposes 
m-dimensional PDS into m 1-dimensional intervals of the metrics. The set of all 
metrics is shown by Y={y1,y2,…,ym}. Second, to take account of the correlations, the 
methodology considers 2-combinations of set Y, i.e. 2-dimensional yi×yj, i≠j, 
represented by yy. Each yy consists of feasible 2-tuple values. The combinations of 
two metrics are taken into account because f can be improved and taking account of 
the correlations between the values of two metrics may not be difficult for users [36]. 
The set of 2-combinations is denoted by YY. 
By this decomposition, collection of user feedback can be facilitated. Users only 
require considering how the values of two metrics relate to each other, which is easier 
than considering values of m metrics at the same time. Besides, users can express 
their expectations about the correlations between two values easier. 
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6.1.2 Collection of user feedback and analysis 
The methodology asks users to weight each metric and 2-combination and allocate 
scores to their values. Each user weights the metrics to specify their relative 
importance, and assigns a score to each value of a metric. The same is done for yy and 
their values. The weights and scores, which a user gives, are defined on Qu and qu 
refers to the collected feedback by weighting and scoring. Evaluating on cardinal 
scale is adopted so as to use cardinality in qu for assigning cardinal scores to SPs. 
PROC (Chapter 5) is utilized to analyze the weights and scores. It is gone through for 
the weights of y and yy and the scores of values of each y and yy. The outcomes of 
PROC are represented by fY, fYY, fy, and fyy (Figure 6.1). 
6.1.3 Aggregation of the analysis 
Aggregation gives a score from Q to each SP in PDS as the quality (6.1). According 
to WSM, the scores of SPs against each metric, i.e. fy i(s), is multiplied by the weight 
of the respective metric, i.e. fY(yi). The weighted scores of a SP against all metrics are 
totaled to obtain aggregate weighted score (AWS) for SP. The more important a 
metric is, the more impacts the scores against that metric have on AWS. We modify 
WSM to incorporate the correlations into the scoring. To do this, the ith root of the 
scores against each 2-combination, i.e. fyy i(s), is considered as a scale for AWS, 
where i is the weight of the corresponding 2-combination, i.e. fYY(yyi). Each scale is a 
nonlinear function defined over PDS, and depending on the values of metrics, it 
scales AWS of SPs. The result of multiplication of all the scales is called aggregate 
scale (AS). The greater weight of yyi shows that the scores of SP against yyi have 
larger impacts on AS. f gives the scaled weighted scores as the quality of SP, and 
thus, this extension to WSM is called Scaled-WSM. The divisions by 10 is to scale 
the codomain of the associated f to interval (0,1]. The division by m is incorporated 
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Where, ∑ and ∏ sings stand for summation and product respectively. k is the total 
number of considered correlations (i.e. the number of elements of YY). 
The capabilities of Scaled-WSM to determine the quality of SPs are demonstrated in 
detail by using the results of our case study in Sections 6.3 and 6.4. Scaled-WSM is 
graphically illustrated in Figure 6.2. Scaled-WSM incorporates AS in the typical table 
of WSM. The table is filled by using PROC and (6.1).   
 
Figure  6.2 The table of Scaled-WSM (extended table of WSM) 
6.2 Implementation of specification solicitation 
This section explains how user feedback is collected, and fY , fYY, fy, and fyy are 
formed and aggregated to obtain f. We describe the steps of the methodology (Figure 
6.1). Each user follows all the steps. 
Step 1: The weight of metrics. First, the user chooses the most and least important 
metrics, and then, he/she assigns them a weight from Qu. The most important metric 
must get the weight of 10. Second, the user weights the rest of metrics by comparing 
them with the most and least important ones. As such, the weights by the user can 
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give the relative importance of metrics. After collecting feedback of all users, PROC 
is utilized to allocate a weight from Q to each metric. The outcome is fY:Y→Q.  
Step 2: The scores of values of metrics. The methodology gets users’ help to define 
fyi(SP) on the interval of values of yi. Each user draws a function over the interval to 
give a score to each value. Thus drawn by all users, PROC is employed to assign a 
score to each value of yi.  
To draw the function, first, the user is asked to find the highest and lowest quality 
values and assign a score to them. The highest quality one must get score of 10. 
Second, the user gives a score to the boundaries of the interval (if not scored) in 
relation to the scores of the highest and lowest quality values. The set of these scored 
values of yi is called SVi={vi,1,vi,2,…,vi,ni}, where ni is the total number of the scored 
values. Third, the user draws fy by using Table 6.1. Table 6.1 maps the user’s 
explanations (statements) into scores of the values by using the graphs corresponding 
to the statements. The graphs interpolate scores of values between each two 
successive v. An example of scoring of height by a user is shown in Figure 6.3. The 
user gave the scores of 10 and 1 to v2 and v3 respectively, and assigned scores to the 
boundaries (i.e. v1 and v4).  
Table 6.1 can obviate the need for the users’ vague and subjective statements about 
the quality of the values. Additionally, it can remove the need for interpreting the 
statements to estimate the quality. 
Table 6.1 The statements and their corresponding graphs 
 statements graphs 
1 
Quality of values, very close 
to the highest quality value, is 
very high 
 
2 Quality of values, close to the highest quality value, is high 
3 Quality reduces gradually 
4 Quality of values, close to the lowest quality value, is low 
5 
Quality of values, very close 
to the lowest quality value, is 
very low 




Figure  6.3 An example of drawn fheight by a user 
The drawn functions by all users are aggregated to form fyi. If yi has discrete values, 
the scores are assigned to each value similar to Step 1. For continuous yi, its interval 
is sampled, and the samples are given scores similar to Step 1. Then, to have 
continuous fyi for a continuous yi, the scores of values between two adjacent samples 
are interpolated by using straight lines connecting the scores. The output is fyi:yi→Q. 
Step 3: The weight of 2-combinations. This step is similar to step 1. The output is 
fYY:YY→Q. 
Step 4: The score of values of 2-combinations. fyyi draws a 3-dimensional surface 
over the values of a 2-combination. We take the approach of adaptive sampling to 
represent the values to users. 
The methodology samples the domain of a 2-combination for each user and based on 
his/her drawn fy of metrics of the 2-combination. The Cartesian product of SV of the 
metrics gives the samples. For instance, for y1 and y2, VV=SV1×SV2 gives the 
samples. The total number of values in VV for combination of yi and yj is ni·nj. VV 
contains combinations of the highest quality values, the lowest quality values, the 
highest and lowest quality values, the borders, and borders and highest/lowest quality 
values. These combinations can cover several relationships between the values of the 
metrics. Therefore, such sampling can be more effective than the typical sampling.  
To identify fyy i of the user, scores of the other values are interpolated by using 
Shepard’s method (6.2), which is an inverse distance weighting method [133]. 
Shepard’s method gives a value a score that is the average of weighted scores of the 
samples (v). The weights are given according to the distance of the values from the 
samples. A weight decreases when the distance increases. The samples are given their 
original scores. Shepard’s method was considered because it has no tunable 
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parameter. Besides, it deals well with the collinearity of samples, which occurs in our 
sampling method. Besides, in our case, the number of samples for the interpolation is 
small. Shepard’s method works better than the other interpolation methods when the 





















Where, ||·|| denotes Euclidian distance, and ql is the score of sample vl. 
fyy of all users are aggregated similar to aggregation of fy. But, the interpolation is 
done by triangulation method [117]. The output is fyyi:yyi→Q. 
Step 5: The score of SPs. It is estimated by using (6.1). To use this equation, the 
domain of fyy and fy must be extended to PDS. They are defined on 2- and 1-
dimensional domains in steps 3 and 4, respectively. To extend the domains, each SP 
that has yy and y as entry inherits the scores of yy and y. For example, considering 
SP1=(y1,y2,y3)=(0.2,150,35), fy1(SP1) is equal to fy1(0.2) because the value of y1 of 
SP1 is 0.2. Thus extended, (6.1) aggregates the functions to obtain f. 
6.3 Case study 
To demonstrate the feasibility of the methodology and its capabilities to determine 
the quality of the specification values, an experimental study was conducted on 
identification of the highest quality SPs of smartphones. We considered ywidth, yheight, 
ydepth, yweight, and y talk-time.  
6.3.1 Experiment Setup 
The PDS is a 5-dimensional space, comprising feasible values in ywidth×yheight×ydepth× 
yweight×y talk-time. It was decomposed to five metrics and three highly correlating 2-
combinations, YY={yywidth×height,yy talk-time×depth,yy talk-time×weight}. The intervals of the 
metrics are illustrated in Table 6.2. They were specified based on specification values 
of several smartphone products available in the fourth quarter of 2013.  
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Table 6.2 The list of metrics and their intervals 
y interval units 
height [100,150] mm 
width [50,80] mm 
depth {5,5.5,6,…,9.5} mm 
weight {100,110,…,160} g 
talk-time {8,9,…,15} h 
   
   
Twenty subjects participated in the study. Their ages were between 23 to 30 years 
with mean age of 26 years. All the subjects were users of smartphone and informed 
that they were assigning scores to the values of smartphone specifications. Y and YY 
were explained to the subjects. Each metric and its values were demonstrated by 
using a smartphone product as an example. The scores were also described. 
Figure 6.4 shows a screenshot of the interface used to help the subjects draw fy over 
the values of the metrics. To communicate VV of yyheight×width to the subjects, the 
mixed reality system introduced in EXP-D (Section 3.5.1) and validated in COM-M 
(Section 4.6.1) was utilized. 
 
Figure  6.4 The interface for drawing fy over the interval of the height 
We interviewed each subject to determine the quality of the values of yweight, y talk-time, 
yy talk-time×depth, and yy talk-time×weight. Regarding the metrics, the values were scored by 
using the same interface used for the geometrical dimensions (Figure 6.4). Regarding 
yy, we used tables showing the values of the metrics against each other. The tables 
illustrated values of ydepth/weight and y talk-time in the rows and columns respectively 
 Chapter 6 Specification solicitation to identify the best specification values  
67 
 
(Figure 6.5). In the tables, the cells corresponding to infeasible values were crossed 
(the feasible values were specified based on the specifications of the smartphone 
products in the market). To score the correlations, the table were given to each 
subject to allocate a score to his/her associated values in VV (the cells corresponding 
to his/her VV were highlighted). They were also asked to find all values that could 
get the scores of 1 and 10 so as to collect more feedback. 
 
Figure  6.5 An example of the table of correlations of talk-time and weight, the table 
was filled by subject 1 
The subjects were also asked to allocate scores to two groups of SPs (Table 6.3). 
Group 1 comprised six SPs based on specification values of Apple iPhone 5S, and 
Group 2 consisted of six SPs based on Samsung Galaxy S5. To allocate the scores, 
the highest quality SP in each group must be assigned the score of 10, and the others 
were given scores in relation to their respective highest quality ones. These scores 
were considered as the control scores to evaluate the validity of the results. 
6.3.2 Results 
Each subject allocated scores to 32 values (13 values for the metrics and 19 values for 
the 2-combinations), and weighted five metrics and three 2-combinations, in total. 
The results of the steps of the methodology are given in the following. 
Step 1. Figure 6.6 illustrates fY. PROC, in its third loop, found that the levels of 
importance of ywidth, yheight, and yweight can be similar, P-value<0.05. Thus, the mean of 
their merged weights was assigned to them. In the fourth loop, for y talk-time and ydepth, 
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strong evidence was found to reject H0 (Section 5.1.2), P-value<0.05. Therefore, 
yTalk-time and ydepth were given the mean of their own weights as their level of 
importance. These two metrics got the most and least weights respectively, 
suggesting that it is better to focus on the values of y talk-time ‘more’ than ydepth. The 
term ‘more’ can be described by using the difference between the weights of these 
metrics. 















iPhone    
5S 
1 125 60 7.5 110 10 
2 125 60 8 130 11 
3 130 60 7 120 10 
4 130 60 8 120 11 
5 130 65 7 110 10 






1 140 80 7.5 145 11 
2 140 75 8 145 11 
3 140 75 7 130 10 
4 135 80 7 130 10 
5 135 80 7 145 11 
6 135 75 7.5 140 11 
 
 
Figure  6.6 The weights of the metrics 




Figure  6.7 The scores of the values of the metrics 
Step 2. fy are illustrated in Figure  6.7. fheight shows that the interval [129,135] could 
get the highest score 8.33. fheight shows that the better values of yheight may be in [129-
Δ,135+Δ]. fwidth demonstrates that the better values of ywidth may lie in the interval 
[62-Δ,65+Δ]. fdepth may suggest [6,8] as the target values for depth. f talk-time shows that 
the higher talk-time has higher quality. SD of talk-time of 10 h is wide, and may 
imply that its score can considerably vary for different subjects. f talk-time demonstrates 
that talk-time less than 10 h has low quality. fweight shows that lighter smartphones 
have higher quality. The above fy can help to set target specifications because they 
can give a rough idea about the higher quality values. 
Steps 3 and 4. fYY and fyy are shown in Figure 6.8. It shows that the order of quality of 
yy, from highest to lowest, is yyheight×width, yy talk-time×depth, yy talk-time×depth. fheight×width 
identifies an elliptical area (scores>6) whose values have higher quality than the other 
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values. The ellipses can provide design group with the correlations between yheight and 
yweight. f talk-time×depth shows that the thinnest smartphone (5≤ydepth≤6.75 mm) has the 
lowest quality if their talk-time is less than 10 h. f talk-time×depth shows the highest quality 
correlations may be found inside and around the area of [7,8]×[10,11]. ftalk-time×weight 
demonstrates that two regions with the highest quality. The region in the center shows 
that the lighter smartphones (120≤yweight≤130 g) have higher quality than the heavier 
ones even though the talk-time is less. The other region implies that the heaviest 
phones (160 g) have high quality if the talk-time is considerably increased to about 15 
h. f talk-time×weight also indicates that lower weight cannot compensate the low quality of 
talk-time less than 10 h.  
 
Figure  6.8 The weights and scores of 2-combinations  
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Step 5. f was obtained by using (6.1). To illustrate f, we plotted all the scores6 
assigned to the SPs with respect to the metrics (Figure 6.9). These plots can show the 
range of quality of a value by taking account of its correlations with values of the 
other metrics. For example, SPs with ydepth of 9 mm can get the scores of 1 to 4. Such 
plots can provide objective evidence for alteration of interval of metrics before 
starting concept generation. For another illustration of f, we focus on SPs with 
scores≥8 (Figure 6.10). Under this condition, the talk-time is around 11 h, and there 
are three combinations of ydepth and yweight, (7,120), (7,130), and (7.5,120). As is clear, 
only (ydepth,yweight)=(7,120) can get scores≥9. 
 
Figure  6.9 The scores that a value could achieve 
                                                     
6 The scores are scaled so that the highest quality SPs gets score of 10 
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The pattern of scores in the height-width plane is almost similar for the three 
combinations. We also plotted the scores against each other; (7,120) and (7,130) 
against (7.5,120) (Figure 6.11). As can be seen, for each (ywidth,yheight), the scores of 
(7,120) and (7,130) are 1% and 11% greater than the scores of (7.5,120). To sum up, 
the methodology found that the domain in Figure 6.10-a has the highest quality 
values for the specifications. The alternatives can be the domains in Figure 6.10-b and 
Figure 6.10-c.  
 
Figure  6.10 The SPs with the scores of more than 8 




Figure  6.11 The difference between the scores 
6.4 Discussion 
A methodology was developed to determine the highest quality specification values 
from a large PDS. We used the methodology to tackle a complex problem with 5 
metrics to show the capabilities of the methodology. 
To evaluate the capability, we compare the control scores (Section 6.3.1) with the 
scores that the methodology gave to the SPs in groups 1 and 2 (Table 6.3). The 
mean±SD of the differences between the scores of the SPs is 0.21±0.40 (Figure 6.12). 
Such small mean and SD can show that our methodology can successfully give scores 
to the specification values by utilizing Scaled-WSM. 
 
Figure  6.12 The control scores and the scores given by the methodology 
The methodology identified a 6-dimensional f by using user assessments of only 13 1-
dimensional values for the metrics and 19 2-dimensional values for the 2-
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combinations. One of the main reasons for achieving this success was the cooperation 
between Scaled-WSM and our proposed sampling method, which effectively reduces 
the required number of samples for identification of f. Here, by using the results of 
the case study, we show the capability of this cooperation to identify the correlations 
between width and height by using user feedback on only nine samples. The 
correlation was initially obtained by WSM (Figure 6.13-a). Then, it is enhanced by 
the scale obtained by using feedback on only nine samples taken from the domain of 
width and height based on the results of WSM for each user (Figure 6.13-b). Figure 
6.13-b illustrates that by using the feedback on the samples, the ellipses become 
smaller and rotate in the height-width plane with respect to their corresponding 
ellipses (i.e. with the same shading) in Figure 6.13-a. To investigate whether this 
situation means enhancement, we studied the ratio yheight/ywidth for the considered 
smartphone products. That ratio belongs to the interval of [1.95,2.10]. Two boundary 
lines of this interval are shown in the diagrams by the dashed lines. As is clear, the 
ellipses rotate to align better with these lines. Besides, they become smaller to not 
include the values furtherer from the region between the lines. This can indicate that 
the correlation shown in Figure 6.13-b can be valid. Therefore, the cooperation 
between Scaled-WSM and our proposed sampling method is effectively helpful in 
reducing the number of samples. Overall, our methodology successfully prevented 
user fatigue when identifying f with respect to five specifications, whereas, recent 
studies such as [35, 36] have not gone beyond two specifications.  
 
Figure  6.13 Scoring by WSM vs. Scaled-WSM in width-height plane (a) WSM and 
(b) Scaled-WSM 
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Furthermore, the methodology can effectively prevent intransitive and inconsistent 
feedback. This can be attributed to the strategy of the methodology when collecting 
user feedback. According to the methodology, the full ranges of the values of a metric 
or a 2-combination are represented to users. Thus, users can take all the values into 
account when giving feedback on a value. Besides, the interface (Figure 6.4) allows 
users supervise and revise their feedback. Therefore, the chance of collecting 
intransitive and inconsistent feedback is reduced. 
In the next Chapter, f is used to set the intervals of parameters of design solutions in 
order to have higher quality solutions at concept selection. Besides, SDS in the next 
chapter is adaptively sampled by using f and according to users’ settings. The 
application of f at concept selection will be explained in detail in the next chapter. 
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 Concept selection by using digital Chapter 7
prototyping and quantitative feedback 
Concept selection searches SDS to identify the highest quality design. A category of 
methods produces explicit mathematical functions for the quality. They estimate the 
unknown coefficients of the function by using statistical procedures and user 
feedback. Rating-based [134] and choice-based [135] conjoint analysis as well as 
preference mapping [136, 137] have been widely adopted. However, they are difficult 
to employ in practice for big SDS because users are required to give feedback on a 
large number of solutions [134]. Adaptive sampling can be used to overcome this 
difficulty so as to represent a big SDS to users [138]. Another category of methods is 
based on human-computer interactions. These methods gradually refine the 
propositions about user needs, based on user feedback on design samples. IEC, as an 
example, involves a user as an evaluator and goes through an evolutionary process 
[34]. It considers user feedback as an implicit function determining the fitness. 
However, such methods may cause user fatigue because giving feedback can be 
tiresome [139] and to converge, a user is required to give feedback on typically large 
number of solutions [140, 141]. Overall, there is a lack of a methodology to identify 
quality design solutions from big SDS.  
Our approach to develop such methodology is to parameterize SDS and allow users to 
set the value of each parameter so that they can fulfill their needs of smartphone 
designs. It is based on the notion that users typically know what solutions do or do 
not fulfill their needs, but they are generally unable to justify their choices or 
formulate their needs in technical terms [15]. We utilized a system, based on digital 
prototyping, by which each user can produce a solution by setting the values of the 
parameters. During user-design interactions, the methodology utilizes the knowledge 
provided by f (from specification solicitation) so as to sample SDS and make 
suggestions to users. Users can continue the process by either taking or leaving the 
suggested solutions. If a user chooses his/her design, he/she continues with setting the 
values of his/her design. Otherwise, the user continues setting the values for the 
selected design. Setting the values is continued until the user converges to a 
satisfactory solution. Through the results of a case study based on smartphone design, 
we show that our methodology can be capable of identifying a quality solution while 
preventing user fatigue. For comparison, we also performed the study by using a 
recently revealed IGA method. 
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7.1 The methodology of concept selection 
The key point of the methodology is that a user iteratively sets the values of the 
parameters and converges to a solution meeting his/her needs. Analysis of the 
solutions produced by all users can provide information relating to user needs of the 
product. The methodology (Figure 7.1) has the following stages:  
 
Figure  7.1 The methodology for concept selection 
(1) Parameterization of SDS: The solutions, produced at concept generation, are 
decomposed to the space of parameters. For example, the form of front face 
of smartphone can come with a range of sharp to round corners, and the 
corners can be defined by the parameter ‘radius’. The decomposition may 
result in several solution categories each of which sharing the same 
parameters. The set of parameters and their values are identified at this stage.  
(2) Digital prototyping: A flexible DP, compliant with the variations of the 
parameters, is defined. By setting a value for all the parameters, a digital 
mock-up is automatically rendered. 
(3) Interactive solution production: each user sets the values of the parameters 
iteratively. When value of a parameter is set, the methodology suggests 
values for the other parameters and represents the resulting solutions to the 
user. The suggestions are made based on f provided by specification 
solicitation. The user can choose either the solution he/she is working on and 
continue the process with it, or choose one of the suggested solutions and 
continue to modify the values of the chosen solution. The process continues 
until the user converges to a solution fulfilling his/her needs of the product. 
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(4) Analysis and synthesis of users’ solutions: The final choices of all users are 
analyzed to categorize them according to the values of the parameters. This 
can give an idea about market segments. The solutions in each category are 
synthesized to propose a solution for each market segment.  
7.2 Parameterization of the solutions 
In this section, we explain the parameterization of smartphone designs by using f as 
well as the available smartphone products. Based on a careful investigation into form 
of smartphone products existing in the market by the 3rd quarter of 2014, we 
decomposed the designs into 10 parameters illustrated in Figure 7.2. By considering 
the results of specification solicitation as well, the parameterized SDS is 
characterized by (7.1). The specification values that could gain the score more than 5 
(Figure 6.9), were chosen. p1 to p7 define the form of the smartphone. The least 
change to the values of the parameters except p3 is set to ±1 mm, and for p3, it is ±0.5 
mm. p8 corresponds to the morphological shape of the function button and has three 
options; circle, rounded rectangle, and ‘no button’. p9 and p10 give the talk-time and 
weight respectively. They are defined in terms of the geometrical parameters p1 to p4 
(Appendix B), and their values are in the range that can achieve scores more than 5.  
 
Figure  7.2 The parameters considered for the smartphone 














7.3 Rendering the solutions by using digital prototyping 
An interactive digital prototyping tool was developed for the Implementing the 
methodology. The tool was utilized to provide users with the 3D mock-up (DP) of the 
solution produced based on their inputs. The tool is a virtual working table on which 
users can produce the form of smartphone by using their hands (Figure 7.3). It 
comprises an A4 paper that is the working table, a single digital web-camera 
recording the environment, and a 2D digital screen displaying the environment and 
DP. The table comes with a simple drawing, and the drawing is a square with side 
length of 150 mm and a circle next to one of its corners. The drawing is to identify 
the position and orientation of the table. The tool augments DP on the table and at the 
center of the square. DP is projected with the same scale and perspective view as the 
table is being projected on the screen. DP moves with the table, and to explore the 
form in different views, users can translate and rotate the table.  
 
Figure  7.3 The tool and its components 
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Users can interact with the tool through a virtual menu augmented on the table 
(Figure 7.4). They can navigate between the items of the menu and change the 
parameter values by pointing with their fingers at them. In Figure 7.4-left, the user is 
selecting the item ‘height’. In Figure 7.4-right, the user activated ‘height’ (yellow 
disc), and can change its value by pointing at the black line; the yellow and orange 
squares show the current and original values respectively. The menu is popped up by 
pointing at a corner of the square. The menu allows users to change the values of p1 
to p8. Value of p9 and p10 are automatically set by using (7.1). The tool is explained 
in detail in Chapter 9. 
 
Figure  7.4 The virtual menu 
7.4 Interactive solution production 
User interaction with the tool is initiated by a raw material augmented on the table. 
That material is a rectangular box with the minimum value for all the parameters, i.e. 
(58,116,7,0,0,0,0,NO,10,102). Then, the user can start changing the values of any 
parameters, p1 to p8 (Figure 7.2). When a value is set, three solutions are sampled and 
simultaneously projected on the screen based on the following rules (it should be 
noted that when value of a parameter is changed, the value of the other parameters are 
updated by (7.1)): 
(1) When p1, p2, or p3 (pi) is set, the solutions are suggested by using f. Solution 
1 comes with pj and pk having the best correlation with pi, where j,k=1,2,3 
and i≠j≠k. Solutions 2 and 3 are the solutions with the best pj and pk for the 
current solution respectively. If height is changed, p4 and p7 are updated so 
that the ratio between them and height remains unchanged. The same is done 
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to p5 and p6 if width is changed. In any case, p8 remains unchanged. p9 and 
p10 are updated by using (7.1). 
(2) When p4, p5, p6, or p7 (pi) is set, the suggested solutions only come with 
different values for pi. If value of pi is set to 0, the solutions 1, 2, and 3 come 
with pi of Max i/3, 2Maxi/3, and Max i respectively; where Maxi is the 
maximum value of pi. If it is Max i, the solutions 1, 2, and 3 have 0, Max i/3, 
and 2Max i/3 respectively. If it is between 0 and Maxi, solutions 1 and 3 have 
0 and Max i. Solution 2 comes with half of the new value of pi if it is closer to 
0 than Maxi. Otherwise, it comes with (pi+Max i)/2. 
(3) When p8 is set, only 1 solution (excluding the current and previous values of 
p8) with the other value of p8 is suggested.  
Thus suggested, the user is required to choose one of the four solutions, including 
his/her solution and the suggested ones. Then, the user is supposed to continue 
working on his/her choice until producing a solution complying with his/her needs. 
7.5 Analysis and synthesis of users’ solutions 
To provide a partition of users’ solutions and to define groups of similar solutions, 
hierarchical agglomerative clustering (HAC) [142] is performed. HAC starts from 
singleton clusters (i.e. each cluster contains a single solution of a user), and keeps 
merging the closest cluster pairs until a desired number of clusters are achieved. After 
each merging, the merged ones are considered as a new cluster. The distance between 
the solutions is calculated by the Euclidian distance, and the clustering method is 
group averaging. The result is a hierarchical structure. After clustering, the centroid 
of each cluster is considered as the identified quality solution.  
To measure the distance, the values of the parameters p1 to p7 are mapped to new 
values. (7.2) gives the mapping. p' can result in the distances reflecting the quality 
better. For example, we consider two users who set different height values (e.g. 140 
and 130) and fully rounded side shape is their quality shape, i.e. p7=0.5p1. In this 
case, by using value of p7, the distance is 0.5(140-130)=5, whereas, p'7 gives the 
distance of 140/140-130/130=0. As can be seen, p'7 can be better than p7 because p'7 
shows that the fully rounded side shape is the high quality shape for both users, 
whereas, p7 cannot reflect such similarity. For p8, the distance between CIR and ROU 
is considered as 0.5. The distance of these options from NO is 1 because their 
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difference lies in putting or not putting the button, and is more major than the 





, i=1,2,…,7 (7.2) 
  
  
Where, Min i is the minimum value of pi. 
7.6 Case study 
A case study on the defined SDS for smartphones was done to show the capability of 
the methodology. We also employed interactive genetic algorithm (IGA) developed 
by Poirson et al. [20] to perform concept selection so as to compare the performance 
of our methodology with this high performance method [20, 143]. IGA is a particular 
case of IEC in which genetic operators such as crossover and mutation are used to 
modify design solutions. It has been used to capture the aesthetic intention of user, 
e.g. for car silhouettes [144], and for preference modeling [145]. The experiments 
conducted by using our methodology and IGA are called EXP-M and EXP-G 
respectively. 
7.6.1 Study design 
Twenty subjects participated in both experiments. Their ages were between 21 to 30 
years with mean age of 24 years. All the subjects were users of smartphone. The 
interactions with the tool and virtual menu were explained to them. Each subject had 
5 minutes hands-on training to get familiar with the interactions and virtual menu.  
EXP-G was done first, and after period of 2 weeks, EXP-M was conducted. In both 
experiments, the subjects were given 15 minutes to produce their quality solution. 
After that, they were asked to allocate a score (from Qu) to the produced solution. For 
EXP-G, the parameters wheel rate (weight given to a selected solution), crossover 
rate, mutation rate, and selection rate were 16, 0.8, 0.15, and 0.05 respectively, 
according to Poirson at al. [20]. Poirson et al. [20] studied the convergence of their 
IGA method for different numbers of design parameters and levels. In our study, we 
had eight parameters with three to four levels and expected that the algorithm will be 
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converged before averagely 15 generations according to [20]. Different GA parameter 
values can lead to different results. We used the same GA parameter values as those 
of Poirson’s to expect 15 generations for the convergence in order to reduce fatigue. 
In EXP-G, the population size was 4, which was equal to the number of solutions 
simultaneously represented to a user in EXP-M. 
To compare our methodology with IGA method, the subjects were also asked to rate 
the methods against semantic dimensions. Four bipolar pairs of descriptive adjectives 
were considered, with the positive word on the right and its negative counterpart on 
the left; boring-fun, diverging-converging (whether the methodology/method could 
help the subject to approach his/her quality solution or not), leading-stimulating 
(whether the methodology/method could stimulate the subject’s creativity when 
choosing the solutions after each iteration), and distracting-immersive. The rating was 
done on a scale of -5 to 5. On this evaluation scale, 5 points means that the subject 
has a very strong positive impression, whereas, -5 points means a very strong 
negative impression. 
7.6.2 Results 
In EXP-G (Figure 7.5), among the 20 subjects, 12 declined continuation of the 
experiment at time around 10±1 min and averagely assigned score of 6.08±1.04 to 
their solutions. Four finished the task at around 12±1 min and gave score of 10 to 
their solutions. The rest reached 15 min, and assigned score of 8.25±0.43 to their 
produced solutions. Those, finished the process, went through 73±11 iteration steps. 
Overall, 20% of the subjects produced solutions fully complying with their 
expectations; we call this the success rate. In addition, 60% stopped the process; we 
call this the fatigue rate because it is the ratio between the number of subjects 
declined to continue and the number of participants. 
In EXP-M (Figure 7.5), 18 subjects completed the task and two stopped at 10 and 12 
min. Fifteen out of those 18 subjects finished at around 10.6±1.4 min, and gave score 
of 10 to their produced solution, and three reached 15 min and gave 9, 9, and 8. The 
two subjects, who stopped the experiment, assigned 6 and 7 to their solutions. Those, 
finished the process, went through 20±5 iteration steps. Overall, the success rate was 
75%, which is 3.75 times more than in EXP-G. Besides, the fatigue rate was 10%, 
which is considerably smaller (6 times) than that of EXP-G. Moreover, all the users 
gave higher scores (≈22±19%) to their solutions in EXP-M than those in EXP-G.  




Figure  7.5 The results of the studies EXP-G and EXP-M 
Both experiments came up with 4 clusters of solutions (Figure 7.6), labeled by CL-A, 
CL-B, CL-C, and CL-D. The clusters with the same label in EXP-M and -G are 
almost similar to each other. In EXP-M, as is clear in Figure 7.6 and Figure 7.7, the 
distance between solutions in a cluster is 42% shorter (more red, Figure 7.6) than 
EXP-G, and the distance between solutions of the clusters is 16% longer (more blue, 
Figure 7.6). This means that the methodology by using f could help to better distinct 
the market segments, and the solution for each segment could be identified easier 
because the produced solutions were more similar.  
 
Figure  7.6 The clustering results (a) EXP-M and (b) EXP-G 
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The identified solutions for each cluster and their scores are shown in Figure 7.8 and 
Figure 7.9 respectively. The scores of the identified solutions in EXP-M are 
≈17±10% greater than the solutions in the corresponding clusters in EXP-G. This can 
show that EXP-M can identify higher quality solutions than EXP-G. Overall, our 
methodology can result in more similar and higher quality solutions for each market 
segment than IGA method. 
 
Figure  7.7 The dendrograms (a) EXP-M and (B) EXP-G  
 
Figure  7.8 The identified solution for each cluster of EXP-M and EXP-G 




Figure  7.9 The scores of the identified solutions for the clusters 
The results of rating (Figure 7.10) show that our methodology can outperform IGA 
method in terms of the sematic dimensions. Both methods are effective in converging 
to quality solutions. The ratings on the first and third dimensions can imply that our 
methodology can encourage users to continue the experiment. This is important 
because more knowledge of user needs can be acquired. Referring to the ratings on 
the last dimension, our methodology can immerse users in the process more 
effectively than IGA method. This can indicate that users can focus on their tasks 
better, and thus, may come up with higher quality solutions. To sum up, by 
considering the high success rate, the low fatigue rate, the high quality solutions, and 
the above evaluations, our methodology based on the proposed digital prototyping 
tool can be effective in concept selection.  
7.7 Discussion 
A methodology was proposed for concept selection by involving users. Its approach 
is to help users produce the solutions, which is different from the existing approaches 
getting users help to select the solutions. The methodology is based on an interactive 
digital prototyping tool helping users produce the solutions meeting their needs. A 
case study was done on a high dimension SDS comprising 10 variables. The study 
was performed by utilizing our methodology as well as IGA. The results show that 
the proposed methodology outperforms IGA in terms of less chance of user fatigue, 
more chance of success, and identification of higher quality solutions.  
The main part of this thesis ends here. We have shown that our methodology 
successfully identified a good product concept at the end of conceptual design by 
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taking the PDS ( Chapter 6) as the input. The next two Chapters explain the methods 
devised for the tools developed for communication of specification values and design 
solutions to users. 
 
Figure  7.10 Ratings of the proposed methodology and IGA on 4 semantic dimensions 
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 A method to build hand-object natural Chapter 8
interaction in the virtual environment 
DP has been widely adopted to assist users in understanding design solutions. To 
speed up the understanding process, building user-DP interactions closer to natural 
user-objects (hand-held electronic consumer products) interactions can be of great 
help [2, 37]. Among these interactions, hand-object natural interaction is one of the 
important ones because to explore different aspects of the objects (e.g. form and size), 
users require to grasp and manipulate them in 3D space. As discussed in Section 2.5 
and shown in Sections 4.6.3 and 4.7, the nonintrusive vision-based methods 
projecting DP on user hand with the hand’s scale and perspective in real-time 
(likewise a smartphone in the hand) can speed up the understanding process and 
enhance the understanding. However, such methods were not developed before, to 
our knowledge. The available vision-based methods and technologies, offering hand-
DP interactions, are limited to gesture-based communications in which users can 
manipulate DP by commanding through a few predefined gestures. In these cases, 
shaping the understanding can take longer time and the level of understanding may be 
lower because the scale and the perspective may not be easily recognized (see COM-
V for the effects of the scale and perspective, Section 4.6). Besides, forgetting a 
gesture corresponding to a command can distract users, and accordingly, affect the 
understanding. To build hand-DP natural interactions, the hand pose and location 
(position and orientation) in 3D space should be estimated for grasping and 
manipulating DP. Therefore, this chapter proposes a method for bare7 hand pose 
recognition and localization in 3D space by using a single web-camera8. The method 
relates the pose and location to the morphology of the hand silhouette in the frame 
plane (or image plane). It uses the information from only one frame to reduce the 
computation expense so as to build real-time interactions.  
                                                     
7 Ergonomics is one of the major considerations for development of the method because it is 
used to build interactions with user. To make it easy to use, the method augments no object 
on the hand. 
8 The amount of computation is one of the major considerations for development of the real-
time methods. It is worth mentioning that in digital image processing, a typically-large part 
of that amount relates to analysis of the inputs (images). Thus, when using several cameras, 
the analysis can be more computationally-expensive and time-consuming, affecting building 
real-time interactions. Therefore, we employ only one web-camera. 
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8.1 Introduction to hand-object natural interactions 
Hand-object natural interactions have got particular attentions in augmented reality 
applications such as design review [38] and computer games [146, 147]. Building 
such natural interactions, especially for grasping and manipulating virtual objects in 
3D space, has been widely addressed by wearable devices such as data glove [100, 
101] and position sensors [148] or by vision-based methods [39]. Among the 
interfaces developed for this purpose, vision-based interfaces have come into interests 
because they are low cost, user-friendly, and nonintrusive [39-41]. Additionally, they 
obviate the need for wearing the devices that often inhibit the hand motions and 
distract users [41]. However, in vision-based interfaces, real-time estimation of the 
hand location and pose are highly challenging. 
Vision-based bare-hand pose estimation has been addressed by two main approaches 
[104] finding the best match with 1) poses generated by articulated hand models 
(model-based methods/generative methods) [149, 150], and 2) learned appearances of 
hand (appearance-based methods/discriminative methods) [151-154].  In model-based 
methods, hand poses are acquired by capturing images of an articulated hand model 
generating the poses, whereas, in the appearance-based methods, the poses are taught 
to the system by taking images of a hand moving with different poses. Gorce et al. 
[41] developed a comprehensive model-based method to estimate hand pose from 
monocular video. Their hand model comprised 18 links and had 22-DOF in total. The 
method could estimate the pose in the presence of large self-occlusions. Bray et al. 
[155] integrated stochastic meta-descent optimization into particle filtering and 
proposed smart particle filtering for pose estimation. Smart particles played the role 
of bunch of particles, and this could reduce the computation expense. DOF 
considered for the hand was 5-DOF for each finger, 4-DOF for the thumb, and 6-
DOF for the wrist. However, these methods may not satisfy the requirements for 
building the real-time interactions because they are quite computationally-expensive 
for such applications (e.g. in Gorce et al.’s work, identifying a pose took ≈40 
seconds). 
To achieve real-time tracking, several hand tracking and pose recognition methods 
have been developed by using Lucas Kanade algorithm [156], Markov model and 
particle filtering [150, 157], weighted elastic graph matching [158], Krawtchouk 
moment features [159], and cylindrical manifold embedding [39]. However, to reduce 
the computation expense, these studies considered some specific poses. Besides, they 
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localized the hand and tracked it in the image plane for identification of its 2D 
trajectory so as to recognize the command sent by it. Thus, these methods are well-
suited for gesture-based interactions rather than 3D hand tracking. Some of these 
methods were extended to localize the hand in 3D space such as those developed by 
[148, 150] using the model-based approach, and by [146, 156] using the appearance-
based approach. For instance, Lee et al. [39] developed a method for estimation of the 
orientation and pose of a hand in 3D space using cylindrical manifold embedding. 
However, the method could estimate the orientations for some pre-specified grasping 
poses. Besides, increasing the number of poses resulted in significant increase in the 
computing cycles. Alternatively, the hand localization has been performed by 
attaching 3D position sensors to the hands [148]. Although the hand position and 
orientation can be estimated in real-time by using the sensors, they are generally 
expensive and not user-friendly [103]. Overall, a vision-based method for building 
real-time natural hand-object interactions is considerably lacking. 
8.2 An articulated model for the hand-object natural 
interactions 
Grasping and manipulation are performed with the following conditions, in the 
context of this thesis. The hand grasps the hand-held electronic consumer products 1) 
between its palm and fingertips, 2) with adjacent fingers attached to each other, and 
3) with upright thumb. The hand manipulates the objects with 6-DOF (3 for 
translation and 3 for rotation) in 3D space. To define these interactions, an articulated 
model of the hand is created. It comprises two independent articulated mechanisms; 
hand and manipulator mechanisms. The former grasps DP and the latter manipulates 
the hand. The mechanisms and their workspace are described below. 
The hand mechanism (Figure 8.1-a) has four rigid links and three 1-DOF rotary 
joints. The joints are at the nodes of the fingers and represented by Z1, Z2, and Z3. 
These axes are parallel. The coordinate system of the mechanism is represented by 
XYZ. Its origin is attached to the center (W) of rotations of the hand with respect to 
the wrist. The coordinate systems are defined according to Denavit-Hartenberg 
convention. The hand pose is characterized by the angle of the joints, i.e. θ1, θ2, and 
θ3 (Figure 8.1-b). The joints provide a distance (LPF) between palm (P) and fingertips 
(F) for grasping an object. F is at the endpoint of the last link, and P is on the line 
connecting W to F. 




Figure  8.1 (a) the articulated mechanism of the hand, (b) the joint variables of the 
hand mechanism, and (c) the manipulator mechanism 
The joint angles have relationships when the hand grasps an object, θ2≈0.6θ1 and 
θ3≈0.5θ1. These relationships were derived in a study on grasping objects (Appendix 
C). Thus, a pose can be characterized if one of the joint angles is known. θ1 is 
considered, and it is in the range of [0,80]º. LPF is given in terms of θ1 (8.1). The 
relationship between LPF and θ1 is one-to-one. Appendix D derives the expression in 
(8.1) and proves its one-to-one property. Therefore, the hand pose can also be 
characterized by knowing LPF. The abovementioned relationships are used to 
recognize the hand pose by measuring LPF. 
The manipulator mechanism comprises 3 1-DOF prismatic joints and a 3-DOF 
spherical joint to translate and rotate the hand mechanism respectively (Figure 8.1-c). 
The intermediate coordinate system X’Y’Z’ is attached to the endpoint of the last 
prismatic joint to make the translations. The spherical joint plays the role of the wrist 
and its rotation center W is placed at the origin of X’Y’Z’. 




XPF=L+L1 cos(θ1) +L2 cos(1.6θ1) +L3 cos(2.1θ1)
ZPF=L1 sin(θ1) +L2 sin(1.6θ1) +L3 sin(2.1θ1)  (8.1) 
  
  
Where, L and Li are the length of the links (Figure 8.1-b). 
The hand location refers to estimation of the position of W and orientation of XYZ 
with respect to the global coordinate system G. The orientation is given by roll, pitch, 
and yaw in G, or equivalently in X’Y’Z’. These angles are limited to (-70,80)º, (-
60,60)º, and (-60,20)º respectively, so that the hand cannot block DP and user can see 
DP in his/her hand (Figure 8.2). 
 
Figure  8.2 The orientations of the hand and the constraints to them 
8.3 Idea generation 
To develop the method, we aim to identify relationships between parameters that can 
be measured on a silhouette of the hand and each of LFP, W, roll, pitch, and yaw. 
Hand pose recognition and localization are considered as two successive processes. 
Thus, an idea was generated for localization of the hand with known pose and the 
other for pose recognition. 
8.3.1 Localization of the hand with known pose 
A hand can be localized by using a single silhouette if three points on the hand with 
known distances from each other can be identified on the silhouette (Figure 8.3). In 
addition, the points on the hand must not lie on a straight line on the silhouette. 




Figure  8.3 The hand in 3D space and its silhouette in the image plane 
Proof: the relations between the points in 3D space and their corresponding points in 
the image plane are given by (8.2). According to (8.2), the three points can be 
localized in 3D space if Z1, Z2, and Z3 can be obtained. The distances between the 
points are given by (8.3). By incorporation of (8.2) into (8.3), three quadratic 
equations are obtained (8.4). According to the parameters in (8.4), the quadratic 
equations correspond to three non-degenerate real ellipses that are rotated by γ (8.5) 
and centered at the origin of their respective 2D Cartesian coordinate ZiZj, i,j=1,2,3 
and i≠j. (8.6) gives the radiuses of the ellipses. 
A 3D Cartesian coordinate system is made by Z1, Z2, and Z3. Thus, each quadratic 
equation draws an ellipse in its corresponding plane, and an elliptical cylinder by 
parallel spanning the ellipse along the other Z-axis. The world coordinate system, 
shown in Figure 8.3, illustrates that the depth of the points is a positive value. As 
such, the part of the ellipses that is in the first quarter of their coordinate systems is 
acceptable as the possible points for the depth of the points.  
Assuming that the points make a triangle, the intersections of the elliptical cylinders 
give all the triangles mapped into the same triangle on the silhouette. The 
intersections of the three cylinders can either draw a curve in Z1Z2Z3 or be two 
points, one point, or null; an example of the intersection at two points is shown in 
Figure 8.4.  









, i=1,2,3 (8.2) 
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Where, λ is the focal length of camera. xy is the coordinate system of the image 
plane. Lij is the length of the line connecting points i and j (Figure 8.3). 
 
Figure  8.4 An example of two possible sets of depths for the points (the arrows show 
the two intersections in different planes) 
The intersections cannot be null since the silhouette is resulted from a hand, and thus, 
there is at list one point at which these cylinders intersect. Moreover, the space of the 
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intersections can be a cure providing that the corners of the triangle in the image 
plane is collinear, which must not occur. Therefore, the problem is reduced to finding 
the single intersection and/or selecting one out of two intersections in Z1Z2Z3. In the 
former case, thus found, the problem is solved. In the latter case, the intersection 
corresponding to the depths of the points can be chosen by knowing the concave 
direction of the hand silhouette. If we assume that the triangle, drawn by the points on 
the hand, has an orthogonal vector goes out of the hand palm, one of the intersections 
can be corresponded to the downward direction of the vector (roll<0) and the other to 
the upward direction (roll>0). The vector is downward (upward) if and only if the 
silhouette is a concave downward (concave upward). Therefore, the correct 
intersection (depths) can be chosen by determining the direction of the concave. After 
finding the depths, the points on the hand are obtained by (8.2), and the hand model is 
placed in a 3D virtual environment so that the points on it fit the obtained points. 
Thus fitted, the location of the hand is that of the hand model, and the hand is 
localized.■ end of proof 
According to this proof, the idea can be valid when the points are exactly localized. 
However, in practice, the points may not be exactly localized because of the 
quantization of x and y in digital images and the estimation errors. Thus, to test the 
validity of the method, we investigate whether limited errors in the image plane 
(0<E2D<δ) cause limited errors in 3D space (0<E3D<ε), i.e. limited errors of the 
orientations and radiuses of the ellipses (0<Eγ<εγ, 0<Ea<εa, and 0<Eb<εb). To do this, 
a simple case of paired points (a line) was considered and a population of 1,090,796 
lines was produced. The line length was from 160 to 320 pixels in the image plane of 
640-by-480 pixels. Each endpoint of a line was fluctuated inside a square that was 
centered at the points and had 11 pixels on each side, i.e. estimation error of δ=5 
pixels. The error in 3D space was computed as the error in the estimation of the 
orientation (8.5) and radiuses (8.6) of the ellipses giving the possible depths of the 
endpoints (Figure 8.5). The results showed that δ of 5 pixels had negligible effects on 
the orientation of the ellipses (estimation error of 2.1e-4±0.11º). According to the 
results, the estimation error of the radiuses was 0.017±3.575 mm. Therefore, it can be 
concluded that 0<E2D<δ results in 0<E3D<ε, showing that the lines with close 
endpoints in the image plane draw ellipses similar in terms of orientation and 
radiuses. Consequently, in the case of triangles, the estimation of the intersections in 
Z1Z2Z3 can be inside a sphere and/or two spheres with limited radiuses.  




Figure  8.5 The distribution of the estimation error of (a) the orientation and (b) the 
radiuses of the ellipses 
To reaffirm the validity, an experiment was done by generating triangles in 3D space 
and their silhouettes. In this experiment, a right-angled triangle with side lengths of 
150, 170, and ≈227 mm was arbitrarily placed in 1000 locations in 3D space (Figure 
8.6-a). It was placed by positioning the right-angled corner inside the area of -
300≤X≤300, -225≤Y≤ 225, and 350≤Z≤ 650 mm, and rotating it around that corner 
by the angles within the defined range of roll, pitch, and yaw. Then, the triangles 
were mapped onto the image plane (Figure 8.6-b). Next, E2D≤2 pixels (EXP-2) were 
made to the position of each corner, and this was also done for E2D≤5 pixels (EXP-5). 
After that, the triangles in 3D space were recovered by using the noisy positions of 
the corners. In EXP-2, E3D of the depths was 0.03±1.67 mm (Figure 8.7-a). E3D of the 
intersections was 0.74±2.45 mm, and in 90% of the cases the intersections was inside 
a sphere with radius of 2.5 mm (Figure 8.7-b). In EXP-5, E2D was 5 pixels for at least 
one of the corners in 23% of the cases, and in the presence of such major error, E3D of 
the depths and the intersections were small, 0.42±5.07 mm and 1.08±7.12 mm 
respectively (Figure 8.7-c and -d). Consequently, 0<E2D<δ causes 0<E3D<ε, meaning 
that the estimation remains close to the real points in 3D space. To sum up, the idea 
can be valid in the presence of estimation error. 
The triangle on the hand can be drawn by P, F, and T (Figure 8.8). The side TP has 
the constant length of LTP because of the considered configuration of the hand. LPF is 
also known because the pose is known. As such, LFT is calculated by Pythagorean 
Theorem. Thus calculated, all the side lengths are known. As such, after estimating 
the positions of P, F, and T in the image plane, the points can be obtained by solving 
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the quadratic equations and (8.2). Section 8.4 proposes estimation of the positions of 
the corners in the image plane. 
 
Figure  8.6 An example of (a) 10 triangles in 3D space and (b) their respective 2D 
images 
 
Figure  8.7 The estimation error of (a) depth of each corner in EXP-2, (b) intersections 
in EXP-2, (c) depth of each corner in EXP-5, and (d) intersections in EXP-5 




Figure  8.8 The triangle on the hand 
8.3.2 Hand pose recognition 
The hand pose can be identified by obtaining the orientation of the orthogonal vector 
(V) to the triangle plane in 3D space. In other words, if the right-angled triangles with 
the same LTP and different LPF are mapped on a unique triangle in the image plane, 
they can be distinguished by their V. To illustrate, the triangles generated in the 
previous section were used. For each triangle in the image plane, in addition to its 
corresponding triangle (TRI) in 3D space, 5 more triangles were recovered. The 
recovered triangles had the same LTP as TRI, while their LPF was 1.1, 1.2, 1.3, 1.4, 
and 1.5 times greater than LPF of TRI. There were 6000 3D triangles recovered from 
1000 2D triangles (Figure 8.9). The minimum difference between the orientations of 
the triangles about ZG was 1.78º (the differences were 17.24±6.78º), showing that 
each scale can result in different orientations. Thus, it can be concluded that, for a 2D 
triangle, each pose relates it to a 3D triangle with a unique orientation about ZG. 
Therefore, the pose can be estimated by measuring the orientation (Section 8.5). 
8.4 Estimation of the hand location 
To find P, F, and T on the silhouette, first, its skeleton is obtained through thinning 
by means of hit-and-miss transformation. Hit-and-miss is a basic transformation for 
obtaining the skeleton of an object in the image. It was chosen because it does not 
change the hand’s topology that is important for identification of the hand pose. Then, 
the skeletons are trimmed to remove short stems. Next, those pruned pixels 
connecting the current open endings of the stems to their previous furthermost open 
endings, are recovered. The structuring elements used for thinning and trimming are 
shown in Figure 8.10-a and Figure 8.10-b respectively. 
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In the skeletons, there are two main nodes (palm and fingertips nodes) and four stems 
(Figure 8.11-a). The fingers stems are those branching from the fingertips node and 
making the largest angle among the 2-combinations of the stems; it should be noted 
that this node can branch into more than two stems. The triangle on the hand is 
specified using this information as follows (Figure 8.11-b). T is estimated by the pixel 
at the open ending of the thumb stem. To estimate P, P’ (Figure 8.8) is localized first. 
It is localized by the intersection of the line, fitted to the thumb stem, and the border 
of the hand silhouette. Then, since P is on this line and its distance from P’ is 
constant and can be measured on the hand (LPP’, Figure 8.8), P can be estimated on 
the line. F is estimated by the intersection of the line connecting the open endings of 
the fingers stems and a line drawn from the palm node. The latter line is obtained as 
follows. The palm node as a vertex makes two adjacent angles with the fingertips 
node and two open endings of the fingers stems. The line is obtained by rotating the 
side making the larger angle by the amount of the smaller angle towards the fingertips 
node.  
 
Figure  8.9 An example of a 3D triangle and its scaled LPF (a) in the image plane, (b) 
in 3D space, and (c) their orientations about ZG 




Figure  8.10 The structuring elements for (a) hit-and-miss and (b) pruning 
 
Figure  8.11 (a) the skeleton, (b) the parameters, and (c) the bisector and the angle β 
As discussed in Section 8.3.1, to select one out of two possible sets of depths 
obtained by the quadratic equations, the direction (upward/downward) of the concave 
side of the hand should be recognized. A test, called bisector test, is designed to 
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decide on the concave side. The test specifies the direction by the sign of the angle β 
(Figure 8.11-c) measured with respect to the line connecting the palm node to the 
fingertips node in the counterclockwise direction. β is the orientation of the bisector 
of the angle made by the palm node and the open endings of the fingers stems. The 
test selects the downward direction if β is negative; otherwise, the concave is upward. 
After localizing the points on the silhouette, by knowing the lengths of the triangle 
sides on the real hand, the quadratic equations (8.4) are solved to obtain the possible 
depths of the points. Then, by performing the bisector test the correct set of depths are 
determined. The position of the points in 3D space is obtained by solving (8.2) for X i 
and Yi. 
To perform experiments for verification of the method, an articulated model of the 
hand, a 3D virtual environment, and a virtual camera9 mapping the environment onto 
a 2D virtual image were created in OpenGL (Open Graphics Library) by using Visual 
C#. A set of virtual hand images (Space-V) was generated. To do this, the hand 
model was put in 520 different positions in the virtual environment (Figure 8.12). In 
each position, 100 poses and orientations were arbitrarily selected. In total, there were 
52,000 images in Space-V. Maximum LPF was 172 mm. 
 
Figure  8.12 The area for positions of the hand model for generating Space-V 
The estimation errors of P, T, and F were calculated as the Euclidian distance 
between the real and estimated positions of the points, and they were 0.85±1.05 mm, 
                                                     
9 The virtual camera projects the virtual environment on a 640-by-480 pixel plane with Fovy 
(field-of-view in vertical axis) equal to 25º. The projection represents an image that can be 
captured by using a digital web-camera. 
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1.12±1.74 mm, and 2.04±2.42 mm respectively. The errors increased by increasing 
the depth of the hand. This can be attributed to the reduction in the total number of 
pixels on each triangle side when the hand goes farer from the pinhole. To test the 
effectiveness of the bisector test, the estimations were also done without this test. In 
this case, there were 24,672 (≈48%) wrong estimations, while by using the bisector 
test the total number of the wrong estimations was reduced to 378 (≈0.73%) cases. 
The majority (≈86%) of these 378 cases occurred at the deeper positions of the hand 
from the depth 600 mm to 650 mm. These results show that the bisector test is able to 
select the correct depth of the points. Overall, the proposed method can obtain the 
position of the three points, and thus, can be utilized for localization of the hand with 
known pose. 
8.5 Estimation of the hand pose 
A look-up table is provided for finding the pose. The look-up table, in each row, 
contains the angle of the corners of the triangle in the image plane, the angle β, and 
the percent of change in LPF (the percentage is considered to make the table 
independent of users’ hand size). LPF can be obtained by estimation of the angles, 
finding the row whose angles are the closest to the estimated ones in terms of 
Euclidian distance, and scaling the longest LPF (θ1=0) by the percentage 
corresponding to the found row. The pose is estimated by solving (8.1) for θ1 by 
using the obtained LPF. 
To fill in each row of the table, we produced totally 428,891 different cases for the 
hand pose, position, and orientation. To produce these cases, the hand model was 
translated and rotated in the virtual environment with different poses in front of a 
virtual camera. The hand location was kept at the depth of 350 mm, which was the 
smallest depth considered in our study. Thus, at this depth, the hand images contained 
the maximum number of pixels for each location and pose, leading to the highest 
accuracy of the elements of the look-up table in our study. At this depth, 240 
positions were considered for the hand location. Table 8.1 illustrates the range of the 
joint variables and their minimum displacements. In total, 1800 cases for the 
orientations and poses were considered. Thus, we had 432000=240×1800 images. It 
should be noted that the images were filtered to remove those in which T was not 
identifiable in the silhouette, i.e. the machine could not identify the thumb stem 
because it was short. 
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roll [-70,80] 30 
pitch [-60,60] 24 
yaw [-62,20] 20 
θ1,θ2,θ3 Section 8.2 10 
   
   
Space-V was used to verify the method for the hand pose recognition. In this space, 
the angles on the silhouettes and LPF on the virtual hand were recorded for each case. 
The recorded and estimated LPF were compared to evaluate the method. The mean of 
the errors was small (≈0.56 mm) and SD depended on the position of the hand (Figure 
8.13). As can be seen, the pose recognition can become critical when the hand gets 
closer to x=0 or y=0, especially to (x,y)=(0,0). The estimation accuracy increases by 
placing the hand closer to the pinhole and farer from x=0 or y=0. The estimation error 
of LPF was 1.03±2.52 mm when θ1<30º (24381 cases), and it was 0.15±1.78 mm 
when θ1>30º (27319 cases). This shows that the method can work better when LPF is 
smaller. These small errors demonstrate that the look-up table can relate LPF to the 
angles measured on a silhouette. This may imply that our method for pose recognition 
can be considered as verified. The estimation error depends on the distance of the 
hand from the pinhole. The closer the hand is to the pinhole, the more pixels its 
silhouette has and the smaller the angle errors are, and accordingly, the smaller the 
pose estimation errors can be. 
 
Figure  8.13 SD of the pose estimation error (mm) (a) W at Z=350 mm and (b) W at 
Z=650 mm 
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8.6 The method for hand localization and pose recognition 
The method, first, measures β on the silhouette of the hand and estimates LPF, and 
then, estimates the pose. Second, it estimates P, T, and F on the hand silhouette. 
Third, by solving (8.4) and the bisector test, it retrieves the depths of the points in 3D 
space. Then, it obtains the position of the points by using (8.2). The position of the 
points is utilized to calculate the position of W and roll, pitch, and yaw so as to 
localize the hand. They are obtained by solving the inverse kinematic equations for 
the hand mechanism. First, the position of W is obtained (8.7); it is on the line PF, 
and its distance from P is constant and known (LWP, Figure 8.8). Second, roll, pitch, 
and yaw are calculated by (8.8). To derive (8.8), PF and PT was assigned as X and Y 
axes. According to the defined range of the orientations, the sinus and tangent 
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For the verification of the method, the estimated poses for Space-V (Section 8.5) 
were utilized to localize the hand. The estimation error for P, T, and F were 
1.33±1.28 mm, 1.79±1.93 mm, and 2.54±2.27 mm respectively. The estimation error 
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of W, roll, pitch, and yaw was 1.57±1.86 mm, 0.05±4.27º, 0.34±5.02º, and -
0.22±1.87º respectively. These small errors can show that the method can be able to 
recognize the hand pose and localize the hand in 3D space using information 
extracted from a single silhouette of the hand. 
8.7 Experimental study to evaluate the method 
An experiment was performed to evaluate the method. An almost 2-minute video 
(1708 frames) of hand movements was recorded by using a web-camera. When 
recording, it was tried to move the hand in different positions and orientations with 
different poses, within the limitations and constraints defined in Section 8.2. The 
distance between the hand and the pinhole of the web-camera was kept between 350 
mm to 650 mm. The web-camera was set to record 15 frames per second with 
resolution of 640-by-480 pixels. Its diagonal field of view was 55 degrees. 
8.7.1 Parameters measured for the evaluation 
For each frame, the estimated pose and location were used to configure the pose of 
the virtual hand and place it in virtual environment, respectively. Then, the virtual 
image was captured. To evaluate the method, the similarity between the silhouettes in 
the virtual image and the frame was measured. The similarity was calculated as the 
distance between the positions of three points (PV) on the silhouette in the virtual 
image (SV) and their corresponding points (PR) on the silhouette in the real frame 
(SR). To localize PR, markers were attached at palm (PAL), fingertips (FIN), and 
thumb (THU) of the hand, and for PV, their corresponding points on the virtual hand 
were highlighted by virtual markers. The centroid of the markers in the silhouettes 
was considered as the position of the points. Two circular markers with radius of 2.5 
mm were attached on the hand at palm and thumb and a 7-by-20 mm rectangular 
marker was wrapped around the fingertip of the middle finger. The similarity was 
determined by the longest distance in each frame, and thus, the distance was the 
chessboard distance (L∞-norm). The distance between PV and PR can show how 
correctly the virtual hand follows the real hand, and thus, the extent to which W, roll, 
pitch, and yaw are accurately estimated. Regarding the bisector test, since its two 
possible outputs have quite different silhouettes, the correctness of the choice can be 
determined by visual comparison. Therefore, to evaluate the bisector test, the frames 
were reviewed to check whether SV corresponded with SR. 
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8.7.2 Results and discussion 
Several screenshots of the experiment and its results are shown in Figure 8.14. The 
method estimated the hand pose and location in real-time. Its computation expense 
sufficed real-time interactions when recording and displaying 15 frames per second. 
 
Figure  8.14 Several screenshots of the experiment (the hand silhouette and model are 
also illustrated) 
The positions of PAL, FIN, and THU were calculated as the mean of the position of 
the points found for their corresponding marker. The matrices shown in Figure 8.15 
depict the distance between PV and PR. The numbers show the frequency of the 
distances normalized to 10 (divided by 14). For example, for THU, the error -1 along 
both x and y was occurred in 56 (3.29%) out of 1708 frames. The maximum 
difference between PV and PR was less than or equal to 5 and 3 pixels along x and y 
respectively. Considering the estimation errors 2 and 5 as acceptable and marginal 
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errors according to the results of EXP-2 and EXP-5 (Section 8.3.1), 86% and 14% of 
the estimations had acceptable and marginal errors respectively. These small errors 
can show that the method were successful in the localization and pose recognition. 
Overall, through the proofs given in Section 8.3, the experiment results by using the 
virtual hand in Sections 8.4 and 8.5, and the experiment results in this section, it can 
be concluded that the method is capable of performing bare hand pose recognition 
and localization in real-time.  
 
Figure  8.15 The distance between PV and PR and their normalized frequency 
As can be seen in Figure 8.15, a bias can exist towards the negative errors along x-
axis where the errors are more than 2. To investigate, the center of the errors was 
calculated as the sum of the weighted errors along an axis over the totaled weights; 
the weights were the frequency. Referring to the results, the center in PAL had a bias 
of 0.53 pixels towards the left side (to the wrist in Figure 8.14). This can be attributed 
to the fluctuation of the estimated P tending to move to get closer to the wrist. As the 




 An interactive digital prototyping tool Chapter 9
for concept selection 
This chapter introduces an interactive digital prototyping tool to allow users produce 
design solutions by setting the values of the parameters of SDS. It comprises a virtual 
table on which users can produce a solution and a virtual menu by which they can 
navigate between the parameters and set their values. To build the interactions with 
users, the tool requires an A4 size paper on which a certain drawing is printed, a web-
camera, and a 2D digital screen (Figure 7.3).  
9.1 The setup of the tool 
The tool records the environment including the paper by using the web-camera, 
analyzes the scenes of the paper to extract 3D geometrical information of the paper, 
augments DP on the paper in the environment, and projects the augmented 
environment on the screen. To extract the geometrical information, a sketch is drawn 
on the paper (Figure 9.1-a). The sketch consists of a blank square and a solid circle 
that is inside the square and close to one of its corners. The sketch is in blue color, i.e. 
(0,0,255) in RGB color system, and printed on a white paper. To record the scenes of 
the environment, the web-camera is placed at the height of 300-500 mm, with 
orientation >45º with respect to the horizontal plane X”Y” (Figure 9.1-b).  
 
Figure  9.1 (a) the sketch on the A4 paper and (b) the constraints to the location of the 
web-camera in the space 
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The constraints are based on MoD Std 00-25-17 [160] defining the minimum 
comfortable distance and preferred angular lines of sight for viewing a console 
(table). Therefore, the scenes recorded by the web-camera can be in the same scale 
and perspective view as the scenes that the users see when working behind the 
console. Such projection of the scenes can help users to immerse in the environment 
and have the feeling of viewing the console. 
9.2 User interaction with the digital prototype  
DP is augmented in the environment on the paper, at the center of the square (Figure 
9.2). DP is attached to the paper, and can be translated in X”Y” plane and rotated 
about Z” by moving the paper in X”Y”. It is projected with the same scale and 
perspective view as its physical realization on the paper. Therefore, it can be 
imagined that a real object is placed on the paper, and this improves user immersion 
into the environment. To do this, first, location of the center (CEN) of the square and 
orientation (ORI) of the square are measured on the recorded scenes. CEN and ORI 
are measured with respect to the coordinate system G attached to the pinhole of the 
web-camera (Figure 9.1-b). DP is placed in front of a virtual camera at CEN with 
ORI. The virtual camera has the properties of the web-camera and was modelled in 
OpenGL. Third, the virtual image of DP is taken and projected on the recorded 
scenes. In the following, estimation of CEN and ORI is described.  
 
Figure  9.2 Screenshots of the scenes on the 2D screen when moving the paper 
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In Section 8.3.1, it was shown that the position and orientation of a tingle with known 
side lengths can be obtained by using its 2D image. Using the same method, four 
quadratic equations (8.4) can be obtained by four corners of the square. By referring 
to Section 8.3.1, the intersection of the elliptical cylinders defined by the equations 
gives the depth of the corners. There is at least one intersection because the quadratic 
equations are resulted from a square. The number of intersections cannot be more 
than two because the four corners cannot be collinear in the image plane according to 
the constraints to the location of the web-camera. It cannot be two as well because the 
vector of the square plane is upward (Sections 8.3 and 8.5). Therefore, the four 
equations intersect at only one point giving the depth of the corners. In Section 8.4, 
each corner of the triangle could be corresponded to a point on the hand, whereas, 
here, there are 4 possible orientations for the square because when rotating it by 90º, 
its geometry remains unchanged. The choices for the retrieved points can be 
C1C2C3C4, C2C3C4C1, C3C4C1C2, and/or C4C1C2C3 (Figure 9.1-a). To choose the 
correct orientation, the circle is added to the sketch. Its center is closer to C1 than the 
other corners, and thus, the retrieved point closest to it, is labelled by C1, and the 
other points are labelled in the clockwise direction. CEN (9.1) is obtained by 
intersecting the diagonals of the square, i.e. C1C3 and C2C4. ORI is calculated as 
(roll,pitch,yaw) by using (8.8). To do this, P and W are set to 0. T and F are replaced 























Our approach to localization of the corners in the image plane is based on the notion 
that the corners are the intersections of the sides of the square. Thus, first, the sides 
are detected. To do this, Hough transform [161, 162] , a feature extraction technique, 
is utilized. This technique, first, finds all the pixels that can be on the sides. They can 
be the blue pixels (Γ); blue is fuzzy here, i.e. those pixels that can be blue more than 
red and green in RGB color system. Then, each Γ is considered as a point on a 
straight line represented by Hesse normal form [163], i.e. ρ= Γx·cos(ϕ)+ Γy·sin(ϕ), 
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where ρ is the distance from the origin to the closest point on the line, and ϕ is the 
angle between x-axis and that closest point (Figure 9.3-a). Thus, a pair (ρ,ϕ) is 
associated with a blue line in ρϕ plane (Figure 9.3-b). Given a Γ, the set of all lines, 
going through it, corresponds to a sinusoidal curve in ρϕ plane, which is unique to Γ. 
A set of Γ forming a line produces sinusoids intersecting at (ρ,ϕ) of that line. Thus, to 
detect collinear points, the concurrent sinusoids should be found. To do this, a two-
dimensional array, or accumulator, is defined whose bins correspond to a pair (ρ,ϕ); ρ 
and ϕ are quantized (Figure 9.3-b). For each Γ, (ρ,ϕ) are calculated, and then, the 
value of the accumulator’s bin associated with the calculated (ρ,ϕ), is incremented. At 
the end, each bin has a value equal to the number of Γ positioned on a line. As such, 
the bins with the highest values indicate the lines that are most represented by the 
blue pixels. Four bins with the highest values are chosen to identify the sides. 
 
Figure  9.3 (a) the straight line represented by Hesse normal form and (b) Hough 
space for the set of straight lines in 2D space 
The circle is detected to find C1 among the identified corners in order to label the 
corners. Its center is located on a diagonal of the square and at the distance of 35 mm 
from C1. Therefore, the center can be at 4 positions given by (9.2). To find the circle, 
the amount of blue in the color of the pixels around these positions is measured. That 
amount is the sum of the blue component of the RGB color of the pixels. The pixels 
with the distance (L∞-norm) of less than 7 from the positions are considered. The 
position with the larger amount corresponds to C1 because it is the closest point to the 
circle among the positions (9.2). The other corners are labelled by C2, C3, and C4 in 
the clockwise direction. 




ZC+0.1650(ZC'-ZC) YC+0.1650(YC'-YC)ZC+0.1650(ZC'-ZC)� (9.2) 
  
  
Where, (x,y) gives the positions of the center in the image plane. C and C’ represent a 
corner and its opposite corner respectively. λ is the focal length of the camera. 
9.3 User-tool interactions 
To set the values of the parameters of solutions, a virtual menu is augmented on the 
table (Figure 9.4).  
 
Figure  9.4 (a) activating the menu and (b) navigating between the items 
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To pop up the menu, user can point any corner by his/her finger for 2 seconds (Figure 
9.4-a), and the menu is augmented next to the adjacent sides of that corner. Users can 
navigate between the items in the menu and change the values by pointing with their 
fingers at them. To navigate, the finger should remain on the item for 2 seconds 
(Figure 9.4-b). To change the value, the finger should move along a side of the 
square, and the length that the finger is pointing at is used to set the value (Figure 
9.5). The hierarchical diagram of the menu is shown in Figure 9.6. According to the 
menu, user can change the value of the parameters p1 to p8 (Figure 7.2). 
 
Figure  9.5 Setting the values of the parameters (a) width and (b) p5 in Figure 7.2 
To recognize whether a finger is pointing at a corner, the hue of an area of ±2 pixels 
around the corners is monitored in each frame. The hue is considered because the hue 
of fingers is quite different from white and blue (the color of the paper and sketch 
respectively). When the change in hue is more than 25% for 2 seconds, the menu is 
activated. The same procedure is followed for navigating between the items of the 
menu. When setting the values, the 25% change leads to immediate action (Figure 
9.5).  




Figure  9.6 The hierarchical diagram of the menu 
9.4 Proof-of-concept: experimental study 
An experiment was performed to verify the method. An almost 2-minute video (1820 
frames of 640-by-480 pixel) was recorded by putting markers (red color and 5 mm 
diameter) on the corners. The Hough space was -640≤r≤640 pixel and -90≤θ≤90º. For 
each frame, CEN and ORI were obtained by using the method as well as the data of 
the markers. The position of a marker was calculated as the center of pixels found for 
it. The difference between CEN was 0.07±1.39 and -0.19±1.54 pixel along x and y 
respectively (Figure 9.7), and for ORI, was 1.68±2.31˚; this difference was the angle 
(9.3) between the vectors representing ORI, and was positive. These small errors can 
show that the method can place DP similar to its physical realization on the table. In 
addition, referring to the user evaluations of the tool in Section 7.6.2, the high scores 
(3.20±2.09) given to the tool on ‘distracting-immersive’ dimension, can show that the 
projection of DP on the paper is close to reality. These can imply that the tool can be 
valid for rendeirng the form and size of design solutions to users. 
  
ANG= cos-1
�C1C2����������⃗ ×C1C3����������⃗ �∙�C1C2����������⃗ ×C1C3����������⃗ �




Where, · denotes the dot product, and non-italic characters refer to the positions 
obtained by using the markers. 




Figure  9.7 The estimation error of CEN (a) frequency of the distance in xy plane, (b) 
the probability density function along x and y 
9.5 Evaluation of the tool  
To evaluate the tool on ‘degree-of-correctness’ and ‘time-to-estimate’, after the 
hands-on training in EXP-M (Section 7.6), the subjects were asked to reproduce the 
solution shown in Figure 9.8.  
 
Figure  9.8 The single solution and the four solutions 
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The solution was rendered by the tool, and each subject was given 15 seconds to 
interact with it in order to estimate its parameters. Then, they had 2 minutes for the 
reproduction. After reproduction, the distance (D) between the solutions was 
measured. D was the distance defined for the clustering in Section 7.5. To evaluate on 
‘handling-of-variations’, 4 solutions (Figure 9.8) were chosen with D of less than 
10% from each other, and randomly augmented in the 4 viewports of EXP-M. In 
total, there were 24 cases (permutation without repetition, 4!/(4-4)!) for putting the 
solutions in the viewports. In each case, the user was asked to choose his/her highest 
quality solution in less than 5 seconds. At the end, the high quality solution was the 
one chosen more than the others. Dd was measured as the frequency of not choosing 
the highest quality solution. Table 9.1 gives Ƒ. 
Table 9.1 The specification of the parameters of Ƒ (Table 4.1) 
 Ƒ  the output 
DCETDC       






(∞ & 4) 
[0,5] [0, 15] [0, 2] 1.00 
(5,10] --- (2, 4] 0.67 
(10,15] --- (4, 6] 0.33 
(15,∞) (tmax=15, ∞) (Ddmax=6, 17] 0.00 
    
    
The effectiveness of the tool was obtained for only 1 stage, and DCET was 
0.65±0.25. According to Table 4.3, this DCET shows that the tool delivers great 
performance, and is effective in communicating design solutions to users. The 
evaluation results on each assessment dimension are demonstrated in Figure 9.9. As 
can be seen, the tool can deliver high performance on all the dimensions. It is also 
immersive as shown in Section 7.6.2, indicating that users can focus on their tasks to 
produce higher quality solutions. Overall, it can be said that the tool is valid for its 
intended uses defined by concept selection (Chapter 7). 
Overall, this chapter developed a simple test bed for concept selection. It is not ready 
for commercial product design. The computation time for the DP generation and 
display was around 0.1 s (was run on a 64-bit operating system on a personal 
computer with CPU of Core i5 3.30 GHz and RAM of 8 GB). The short time of 0.1 s 
shows that the real-time interactive performance was achieved with 10 fps. 








 Conclusions and recommendations Chapter 10
This thesis developed a framework for concept validation by using digital prototyping 
and quantitative feedback. The framework aimed to identify the best product concept 
by using user feedback on the specification values and design solutions. The 
framework involves users at two stages before concept generation and at concept 
selection. For these two stages, two methodologies, namely specification solicitation 
and concept selection, were devised to deal with the large number of specification 
values and the big space of design solutions respectively. Both methodologies utilized 
adaptive sampling to represent the specification values and design solutions to users, 
and statistical hypothesis test to analyze user feedback. To implement the 
methodologies, a tool based on digital prototyping was created. A novel method was 
developed to build real-time virtual grasping and manipulation of DPs with the hand. 
To validate the proposed system, hand-held electronic consumer products, such as 
smartphones were considered for the case studies. We focused on the form, size, 
weight, and talk-time of the smartphones because of their impacts on the users’ 
purchasing decisions. 
The framework defined the general functionality of the concept validation using 
digital prototyping and quantitative feedback. In a case study on the size of the front 
face of smartphones, we showed that the framework could identify the best size. The 
identified best size was also evaluated by users, and it scored eight out of ten points. 
This shows the capability of the framework in identification of the best specification 
values. Besides, this score was 1.41 times higher than the score of the best size 
identified by utilizing physical prototyping and qualitative feedback (Figure  3.5-c, 
Section  3.5.3). Thus, digital prototyping and quantitative feedback are the better 
choices for the framework.  
Specification solicitation was one of the major contributions of this thesis. It 
identifies the highest quality values of technical specifications before concept 
generation. This can be an interesting topic because the majority of the existing 
studies targeted ‘setting final specification’ stage to optimize the values, while we 
attempted to perform it at the early conceptual design to pass the highest quality 
values to concept generation. Specification solicitation can be essentially influential 
to the development of a quality product concept, and has not been done on large 
number of specifications. A case study was done on the values of width, height, 
depth, weight, and talk-time of smartphones. The results provided clear evidence that 
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the methodology could successfully determine the highest quality values of these five 
specifications. It was shown that the methodology could deal with five technical 
specifications while reducing the user fatigue (Section  6.4), whereas, the existing 
studies have not generally gone beyond two specifications because of encountering 
the fatigue [35, 36]. By specification solicitation, designers can focus on the highest 
quality specification values and put in more efforts to generating design solutions 
with these specification values. This boosts the productivity at concept generation, 
and results in a space of higher quality design solutions. To prevent user fatigue, the 
methodology considers user feedback on the values of single and paired technical 
specifications. However, it is possible that the correlation between more than two 
specifications be influential to the quality. Further study is needed to incorporate 
larger combinations of specifications into the methodology, and we plan to start with 
three-combinations.  
Concept selection is based on a novel approach that allows a user to produce a 
solution complying with his/her expectation of a quality solution. In contrast, the 
traditional approach allows a user to choose a solution from a set of produced ones. 
Our methodology decomposes the generated solutions into several parameters and 
allows users to set the values of the parameters. In a case study, we attempted to 
identify the highest quality smartphone with respect to the form, size, weight, and 
talk-time by using our methodology and an IGA method [20], which was one of the 
recently-revealed methods and utilized by the French carmaker Renault. Our 
methodology and IGA method identified almost similar clusters of the best design 
solutions. In comparison with IGA, our methodology achieved 42% greater similarity 
in the solutions of each cluster, and 16% greater dissimilarity between the solutions 
of the clusters (Figure  7.6 and Figure  7.7). The centroid of each cluster was 
considered as the selected design solution. The centroids by our methodology scored 
1.55 more points than those by the IGA method (Figure  7.9). Besides, the 
methodology helped users produce their quality solutions about four times faster, and 
prevented fatigue more effectively. Overall, our methodology outperformed the IGA 
method in terms of identification of the highest quality solutions. Aggregation of the 
users’ quality solutions (the centroid method was used in our case study) to develop a 
quality one is a critical task. Although our methodology led to much more similar 
solutions in each cluster, the aggregation can still be critical. As a future work, we 
aim to work towards the aggregation.  
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The proposed methodologies were tested in the case studies of enhancing the existing 
designs. It was shown that the methodologies were effective in helping to generate 
the designs that evoke users’ satisfaction. For new designs quite different from old 
ones, we did not perform any study. We think that for these new designs, the 
proposed methodologies can be utilized when physical characteristics of the new 
designs and range of their values are set. Then, the methodologies help to identify the 
best values of the characteristics for the new designs. It should be noted that this 
could be achieved if involved users are able to understand the new designs through 
interactions with digital prototypes since the methodologies utilize digital prototyping 
to render a design to users. 
Incorporation of the variance into the feedback analysis was the other significant 
contribution of this thesis. A process was proposed for the analysis. In a case study 
(Section  5.2), we compared the results of our process and methods considering the 
mean values as the quality of solutions. User feedback on 16 samples of the size of 
the front face of the smartphones was collected, and by using the data of 12 samples, 
the quality of the other four samples were estimated. By using the paired t-test, strong 
evidence was found to support that the mean values cannot provide sufficient 
information to estimate the quality. In contrast, it was supported that our process 
successfully estimated the quality. However, when the number of the samples grows, 
the process becomes computationally expensive and time-consuming. As a future 
work, we aim to cluster the samples according to the mean values of their feedback, 
and go through the process for each cluster. 
A tool based on digital prototyping was created to implement the methodologies. A 
novel method was pioneered to build virtual grasping and manipulation in virtual 
environment. It was shown that the method is valid for building the interactions. It 
was also demonstrated that the tool immerses users in the environment and helps 
users understand the design solutions and estimate the specification values correctly 
and quickly. The tool has the potential to incorporate digital models of the visual 
properties of color and texture. As a future work, we aim to incorporate these models 
in the tool. Moreover, for building the user-DP interactions, the devised method only 
requires a web-camera and a 2D digital screen, which are offered by personal 
machines such as laptops, tablets, and smartphones. Another future work can focus on 
reducing the computation cycles of the method so as to build the interactions on the 
users’ machines. Thus, users can be involved in concept validation through the 
networks, leading to more user feedback for concept validation. Therefore, digital 
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prototyping is superior to 3D printing and physical prototyping for implementation of 
the methodologies since more user feedback can be collected. More feedback helps to 
identify better design solution. 
Overall, conclusive evidence was provided that the framework can deal with large 
number of specifications and solutions, and yields the product concepts that 
effectively fulfill the user needs. Before concept generation, the framework identified 
the best targets for a large number of specifications. At concept selection, the 
framework identified the best solutions from the big space of design solutions. 
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Appendix A The aggregation function Ƒ 
The first differential of the aggregation function Ƒ is obtained, (A.1). The partial 
differentials of ƑDC, ƑTE, and ƑHV with respect to D are less than zero because they 
are strictly monotonically decreasing. Besides, their coefficients are greater than zero. 
Thus, the summation of the weighted partial differentials is less than zero. Therefore, 



















According to (A.1), the higher DCETa at t results in the greater coefficients of the 
differentials. As such, to reach a specific DCET at t+Δt, the smaller increase in 
DCETa from t to t+Δt will be required if the coefficients of the differentials become 
greater. Therefore, (4.2) indicates that the enhancement of user estimates at t+Δt 
(Δt>0) can be larger if the user estimates are more correct at t.  
   
132 
 
Appendix B Relationships of smartphone parameters 
A study was done on the values of p1, p2, p3, p9, and p10 of 15 smartphones in the 
market by the 3rd quarter of 2014 (Table B.1). A linear relationship was identified 
between p9 and p1·p2 (Figure B.1). The line fits the data with R2=0.8332.  












iPhone 6+ 77.8 158.1 7.1 24 172 
iPhone 6 67.0 138.1 6.9 14 129 
iPhone 5S 58.6 123.8 7.6 10 112 
iPhone 5C 59.2 124.4 9.0 10 132 
Grand Prime 72.1 144.8 8.6 17 156 
Galaxy S5 72.5 142.0 8.1 21 145 
Grand 2 75.3 146.8 8.9 17 163 
Galaxy S4 70.1 142.0 7.1 17 132 
Lumia 1520 85.4 162.8 8.7 25 209 
Lumia 1320 85.9 164.2 9.8 21 220 
Lumia 1020 71.4 130.4 10.4 13.5 158 
Xperia Z3 72.0 152.0 7.3 16 152 
Xperia Z2 73.3 146.8 8.2 19 163 
HTC One M8 70.6 146.4 9.4 20 160 
HTC One 68.2 137.4 9.3 18 143 
      
 
Figure  B.1 The relationships between P9 (talk-time) and P1P2 
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Regarding the weight, it was found that p10 and p1·p2·p3 are also lying on a line 
(Figure B.2). The line fits the data with R2=0.9094. These large R2 show that the 
points are almost collinear, and the lines give the relationship. 
 
Figure  B.2 The relationships between P10 (weight) and P1P2P3 
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Appendix C Relationships between joint variables of 
the hand in grasping 
We studied the movements of the joints at Z1, Z2, and Z3 for grasping objects. Ten 
subjects participated in the study. They were asked to grasp 5 objects with LPF equals 
to 50, 65, 80, 95, and 110 mm. The joints angles θ1, θ2, and θ3 were measured. It was 
found that the joints are moving dependently, and there is a relationship between the 
joints angles (θ1, θ2, θ3) when the hand grasps an object (Figure C.1). We considered 
θ2≈0.6θ1 and θ3≈0.5θ1.  
 
Figure  C.1 The relationships between the joint variables 
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Appendix D Derivation of LPF and proof of its one-to-
one property 
According to Denavit-Hartenberg convention, X, Y, and Z components of the point F 
is given by the transformation matrices in (D.1). The matrices are obtained based on 
the configuration in Figure 8.1. Table D.1 shows Denavit-Hartenberg parameters. 










1 0 0 L 90 
2 θ1 0 L1 0 
3 θ2 0 L2 0 
4 θ3 0 L3 0 
 
  
FXYZ = T4XYZ F
4 = T1XYZ T21 T32 T43 F
4   
 
= �
1 0 0 L
0 0 -1 0
0 1 0 0
0 0 0 1
� ∙ �
cos(θ1) - sin(θ1) 0 L1 cos(θ1)
sin(θ1) cos(θ1) 0 L1 sin(θ1)
0 0 1 0
0 0 0 1
� 
    ∙ �cos(θ2) - sin(θ2) 0 L2 cos(θ2)sin(θ2) cos(θ2) 0 L2 sin(θ2)
0 0 1 0
0 0 0 1
� 
    ∙ �cos(θ3) - sin(θ3) 0 L3 cos(θ3)sin(θ3) cos(θ3) 0 L3 sin(θ3)
0 0 1 0








L+L1 cos(θ1) +L2 cos(1.6θ1) +L3 cos(2.1θ1)
0











Therefore, LPF is given by: 
  
LPF(θ1)=�XPF2+ZPF2 (D.2) 
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The proof of the one-to-one property is given below: 
  




Suppose: LPF(φ)=LPF(ω). Then: 
  
→  2L(L1 cos(φ) +L2 cos(1.6φ) +L3 cos(2.1φ))+2L2L3 cos(0.5φ) 
     +2L1L2 cos(0.6φ) +2L3L1 cos(1.1φ) 
     = 
     2L(L1 cos(ω) +L2 cos(1.6ω) +L3 cos(2.1ω))+2L2L3 cos(0.5ω)      +2L1L2 cos(0.6ω) +2L3L1 cos(1.1ω) 
 
→  -4LL1 sin�0.5(φ+ω)� sin�0.5(φ-ω)�       -4LL2 sin�0.8(φ+ω)� sin�0.8(φ-ω)�      
      -4LL3 sin�1.05(φ+ω)� sin�1.05(φ-ω)�       -4L1L2 sin�0.6(φ+ω)� sin�0.6(φ-ω)� 




Note that 0≤φ,ω≤80º. Then, if: 
  
�
φ=ω→the above expression is zero
φ≠ω→
the above expression cannot be zero
 since all the sinus has the same sign and non-zero  
 (one of the angles (φ or ω) is non-zero).  (D.5) 
  
  
Consequently, LPF(φ)=LPF(ω) if and only if φ=ω. Therefore, the relationship between 
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